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CHAPTER 1 


The Scope of Physics 


1.1 DEFINITION OF PHYSICS 

The colours in the rainbow, the dropping of a)mango from 
the branch of a tree, the rusting of an iron piece) the: growing of 
Plants, the motion of bodies, the formation of thé šolar system, etc. 
are all phenomena of nature. Such Phenomena lead us to the 
study of science. 

The subject of science is classified.into two main branches : 
() =the physical sciences and i 
(u) the biological sciences. 
The biological science deal with living things where as the physical 
sciences are concerned with the properties and behaviour of non- 
living matter. The branch of Physical science which deals with the 
interaction of matter ‘and energy is called physics. This is based on 
experimental obseryations and quantitative measurements. 


Physics-fs therefore an experimental science which depends 
heavily upon the objective observations and measurement of natu- 
tal phenomena. 

The’history of physics is as old as the history of mankind. Even 
the cave man was aware of the production of fire by rubbing two 
Stones together. The Chinese for the first time manufactured paper 
ae. Egyptian used to measure the flood level in the river 

The people of Euphrates and Tigris valleys were aware of ca- 
lendar and they had the knowledge of geometry. The people of In- 
dus valley were the pioncers of decimal system. 
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‘The history of Greeks Is full of inventions and discoveries p 
the field of all sciences, and specially tn physics. Archimedes Pad 
ciple fs still an important topic in elementary books of physics, He 
invented lever and screw, Pythagoras, Galen, Ptolemy, and others 
are famous tn the field of mathematics, astronomy, medicine ete, 
The contribution of Muslims in the fleld of science tn ger 
and in physics in particular will be described in detail in section 


1.3. 


Significant contribution was made by Gallleo-Galilet (1564. 
1642) through his work on the laws of motion in the presence of 
constant acceleration. Johanne Kepler (1571-1630) was his con? 
temporary and presented Kepler's law of planetary motion, 

Prior to 1900 AD. physics comprised of méchantcs, 
sound, light, heat. magnetism and electricity. The new era of mod- 
em physics began near the end of 19th century..There are two 
main branches of physics now, namely Classical Physics and 
Quantum Physics. Einstein theory of relativity not only revolution- - 
ized the traditional concept of mass, time and-energy but also mod- 
ified Newton’s laws of motion for describing the bodies moving 
with the speed comparabie with the. speed of light. The other 
branches of Physics are as follows: 

(i) Particle Physics 

(i) | Nuclear Physics 

(t) Molecular and Atomic Physics 
(iv) Plasma Physics 

(v) Astro Physics 

(vi) Medical Physics, 

{vii} Solid State Physics. 


1.2. ISLAM AND SCIENCE 
In the field of scientific research the strong incentive comes 


from no other book and no other philosopher as it comes from the 
Holy Quran. We are told in Surah Nooh. 


“Do you not see how God made seven heavens One above the 
other 2” t 


“And He has placed the moon as a light in them. 
He has made the sun as a lamp 


We are fi 


1.3 
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1 further reminded in Surah Al-Imran. 
= Surely in the making of the heavens & the earth, 
= And the alternations of the night and the day. 
There are signs for people of understanding- 
Those who remember God standing and sitting 
and on their sides; 
And those who use thought about the make of 
the heavens and the earth, 
“ Our Lord! Thou hast not made this in vain, 
Glory to be Thee, 
So save us from the agony of the fire 
Surah Al-Imran Ayah 190 and 191 
It is again emphasized 
God is He who has ordered the ocean for you that the ships 
may sail there, in together with his command. 
And you may seek of his-grace and in order that you may 
give thanks 
And He has ordered for your benefit whatever is in the heav- 
ens and whatever'ls in the earth, all is from Him. 
Most surely. there are signs in this fora people who reflect 


Surah Al-Jastya (Ayah 12 and 13) 


1.3 CONTRIBUTION TO PHYSICAL SCIENCES 
ae BY THE ISLAMIC WORLD. 


inspired by the Quranic verses and teachings of the Holy 
Prophet Muhammad (S.A.S), the muslims translated the ancient 
book and initiated the original search at the end of ninth century 
A.D. The famous chemist, Jabir-bin-Hayyan, for the first time, de- 
rived various laws in chemistry on the basis of experiments. Al- 
Battani made calculations in connection with solar system, change 
2n seasons, eclipses of moon and sun and other astronomical phe- 


| Pomena. Remarkable and distinguished contributions were made 


bra. His famous treatise. “H 
this subject. He Inventeg 


prominent mathematicians o 
remarked about him with the following: 


“Omer Khayyam is the only man known to me who was both a 


poet and mathematician”. . S 
s a great physicist of the Islamic world, 


Ibn-al-Haitham wa 
work was the book named 


He wrote many books. His master piece 
*Kitabul-Manazir’. It {s the first comprehensive book on light. He 


developed the laws of reflection and refraction. He constructed the 
pin hole camera. The most wonderful chapter of his book is on hu- 


man eye. The information given in it is still valid and correct. 


Al-Razi was the most prominent and.greatest physician. He 1 
wrote about 200 original monographs, half of which pertained to 


medicine. 
Abu-Rehan Al-Berun! was contemporary of Ibn-e-Sina. lic 

was an astronomer, physician‘and mathematician. He also lived in 
India for sometime during the reign of Moghul emperor AKBAR.His- 
famous book Kitab-ul-Qancon-ul-Masood! 1s considered as Ency- 
clopaedia of Astronomy. 
= Yakoob Bin Ishaq Al-Kindi wrote many books on mathemat: 
ics. astronomy. medicine and other subjects: 


IbnSina was famous for his original research in the field of 
medicine. He discovered the use of catheters. He gave intravenous 
injections by means of a silver syringe. He 1s famous because of his 
medical text book named, Al-Qanun-Fl-Tib (Qanoon). He als? 
wrote Al -Shifa an encyclopaedia of philosophy. This comprise? 
ee Ueatise on logic, physics, mathematics and mela 
i 1,4 PHYSICS AND SOCIETY 
20th century ts called the century of Physics and due to 
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ment in the field of science and technology we are justified 
~ to call tt the modem scieutiNe age. The development in science in 
general and in physics In particular made a great impact on our 


society. On tracing the history of civilization we find that the man 
used to live in caves (caveman) and he was afrald of lightning and 


thunder, With the development In the human knowledge the civilt- 


zation also developed. 
Machines were present much before the industrial develop- 
ments. The motion of a lid of a kettle observed by George Stephen- 


A 


son enabled him to invent heat engine. 

In 19th century the scientists were able to use electrical 
energy. The use of electric motors and generators accelerated the 
pace of industrialization. With further advaneés in the fleld of 
physics and technology, we are using micro Wave ovens, refrigera- 
tors, alr conditioners, vacuum cleaners, wasliing machines, etc, for 
our comfort and luxury, The invention ) of radlo, television, tele- 
phone, video cassette recorder and\others provided not only the 
means of recreation and luxury but also proved a mile stone In the 
field of communications and edtication. 

The intelligent use of physics Is observed i: 
medicine and surgery e:g:from ordinary microscope to a sophisti- 
cated scanning electron microscope, the use of laser in surgery, 
the use of elaborate radiation system in nuclear medicine, the use 
of ultrasonic radiation for diagnostic purposes. 

The impact of such developments and discoveries on our so- 
clety has. indeed been great and it Is very likely that future discov- 
erfes and developments will be exciting challenging and of great 


benefit to humanity. 


: many fields of 


L5 MEASUREMENT AND THE SYSTEM OF UNITS. 


~ Quantitative physical measurements must be expressed by 
namerical comparison to some agreed set of standards. Thus all 
Measurements are related to their chosen standards. The necessi- 
ty for ee ards of various kinds has given rise to a number of 


p 


E a CGS the fundamental units of length, mass and tume 
centimetre, gram and second respectively. — : 
In the British engincering system, the unit of force, length 
and time are chosen as the fundamental units. In it the unit of 
mass is a derived unit. The unit of force, length and time are 
pound, foot and second respectively. 


In another system known MKS, the length, the mass ang 
time are measured in metre, Kilogram and second respectively, 
In 1960, the genral conference of weights and measures, 
mended that a metric system of measurement called Internationa 
system of units abbreviated (MKSA) SI in all languages, . system 
d'internationale be adopted. The SI units are derived from the earil. 
er MKS system, 80 called because its first three basic units are me. | 
tre (m). the kilogram (kg) and the second (s), Theseare expressed 
shortly. 


1.6 MEASUREMENT OF TIME 


Before 1960, the standard of time was defined tn terms of 
mean solar day: Mean solar day is the length of a day measured 
throughout the year. A solar day is.ttme interval between two suc- 
cessive appearance of the sun overhead. Thus mean second, repre- | 
senting the basic unit of time, was originally defined as (1/60) (1/1 
60) (1/24) of a mean solarday. The time that is referred to rotation 
of the earth about its axds is called universal time. For reasons 
which we need not discuss, the length of the day varies throughout 1 
the year so that an average value has to be taken. 


A high-precision device for measuring with tremendously 
large accuracy is the atomic clock. The time can be measured toan 
accuracy of one part in 10'?. This is equivalent to an uncertainty of 
less than one Second every 30000 years. The atomic clock is t0? 
complex a device to be described in detail, but briefly it is a radio 
transmitter giving out short waves (about 3 cm long), the frequeny 
which Is controlled by energy changes in gaseous caesium atoms: 
as great advantage here is the frequency (i.e the number of vibrar 

ons per second) of the changes is constant and not subjected 
error. With this much high accuracy of atomic clock, the 
was redefined in 1967. as the time interval occupied by 9192 6317 
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s of radiation coresponding to a specified energy change In the | 
m atom. a 
In addition to the basic unit of length, mass and time there 
‘are ampere, Kelvin, candela and mole in SI. For the sake of com- 
prehension all are given below with brief description. 


1.7 BASIC SI UNITS © 
(a) Time - Second (s) o 


A second is the duration of 9192631 770 periods of radiation 
corresponding to the transition between two hyperfine levels.of the 
ground state of caesium-133 atom. 


(6) Electric Current - ampere (A) 

Ampere is the current which, if maintainedin two straight 
parallel conductors of infinite length, of negligible circular cross- 
section, and placed 1 metre apart in vacuum, would produce be- 


tween the conductors a force equal to 2 x 10” newton per metre of 
length. 


(c) Thermodynamic Temperature - Kelvin {K} 


Kelvin, the unit of thermodynamic temperature, is 1/273.16 
of the thermodynamic temperature of the triple point of water. 


(d) Luminous Intensity - Candela (cd) 


Candela is thé<luminous intensity, in the perpendicular di- 
rection of a surface 1/6 000 00 square metre of a black body at 
the temperature of freezing platinum under a pressure of 101325 
newton per square metre. 


{ely Amount of substance - mole (mol) 


Mote ls the amount of substance of a system which contains 


as many elementary entities as there are atoms in 0.012 kilogram 
of carbon-12, i 


1.8 Dimension 


The word dimension has special meaning in physics. It {s 
ea to denote the nature of a physical quantity. Whether a dis- 
— iS measured tn any units, metres, miles or even light year, it 
ie see > ; 


distance and its dimension is length. 


4 The symbols L, M and T are the symbols usually 
di of any physical quantity can always be expressed 
some combination of the fundamental quantities,such as 


length and time. 


-a 


The dimensions of velocity are written as L/T and the 
sions of area are 12. The table 1.1 shows the dimension of ao 


ical quantities. 
-A Table 1.1 > 


In any equation the dimensions»of a physical quantity must | 
be same on both sides of equation. The dimensional tables attached 
to the various quantities may tréated Hke algebraic quantities and 
may be combined, cancelled ete. Just as if they were factors In the. 
equation, | 


Example:1.1 


1 
adrenal 


` The dimension of various physical quantities involved in the | 
Bean V 


9, is initia) velocity,a is acceleration and t ts time of 
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The equation ts dimenstonally correct. 
1.9 SIGNIFICANT FIGURES 


of in accuracy in them due to instrumental error and human error, 


Let us now investigate how we handie numbers that are not exact. 
Suppose that the length of an object Is recorded as 16.7 cm. This 
measurement {s an approximation to the nearest length of a centi- 


ust have been recorded as 16.70 CmoThe value 16.7 represents three 
red significant figures (1, 6, 7), while the other value 16.70 represents 
n four significant figures (1 6.7. 0). 

5 


Thus a significant figure is the one which is known to be rea- 
sonably reliable, Similarly, a recorded mass 


Ee may be significant, or they may merely serve to locate 
weighed to the nearest 100N, the weight contains only 


te Second 1s not, the welght could be written 2.50 x10N, dis- 
three significant figures. If it was welghed to the nearest 
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IN, the AA could be written as 2.500 x1ON. four significant 
ures, If a zeto stands between two significant figures, tt ts Itsaig 
nificant, k 


Ifa measured value is 8.3867, only three of whose digi 
are significant, we round it off to 8.39. A number is rounded 
to the desired number of significant figures, by dropping one 
more digits to the right. When the first digit dropped is less 
than 5, the last digit retained should remain unchanged, When 
the first digit dropped is more than 5 or when it is followed by di 
not ab zeros, the last digit retained should be increased by, 


If two numbers are divided or multiplied, the result has the 
same number of significant figures as the less accurate number, 
For example, the two numbers 4.71 and 5.642 are multiplied, the 
result ts 26.6 and not 26.57382. Here we can claim three stgnif. 
cant figures only since the less accurate number Ís, 4.71, contains- 
three significant figures. 


Problems: 


L Find the area of a rectangular plate having length 


1.3 + 0.2 d width (9:80 = 0.10)cm. 
“ ini Ans (209 È 4) em? 
2. Calculate (a) the circumference of a circle of radius 3.5 em 
and (b) area of a circle‘of radius 4.65 cm 


3. Show that the expression S=V,t + 5 at” is dimensionally 
correct, when's is a co-ordinate and has unit of length, vis | 
velocity, as acceleration, and t is time. 

4 Suppose the displacement of a particle is related to a time 
accarding to expression S = ct?, What are the dimensions of 

the constant c. 

: 5. Estimate the number of litres of gasoline used by all Paki- 
Stan's car each year 
given: 
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CHAPTER: 2 
———————— ni 
Scalars and Vectors 


2.1 SCALARS 


Quantities which can be specified by ayttumber having ap- 
propriate units (positive, negative, zero) are Called scalars. For ex- 
ample, quantities such as temperature,density, volume. etc are 
scalars. The number representing any scalars is known as its mag- 
nitude. The scalars can be compared only when they have the 
same physical dimensions (units). 


Two or more than two scalars measured in the same system 
of units are equal only if they have the same magnitude (absolute 
value) and sign. The scalars are denoted by letters in ordinary type. 
Operations, with scalars’ such as, division, subtraction, addition 
and multiplication follow the rules of elementary algebra. 


2.2 VECTORS 


Physical quantities having both magnitude and direction 
with appropriate unit are called vectors. For example, displace- 
ment, velocity, acceleration, force, moment of force, electrical feld 
Strength, are all vectors, because none of these quantities have a 
complete meaning without a mention of the direction. 


A vector is represented graphically (Fig. 2.1) by a-directed 
line segment or an arrow-head line segment, QP, whose length and 
direction coincide with the magnitude and direction of the quantity 
under consideration respectively. The tall end-Q is regarded as ini- 
tial point of the vector and the head-P is called terminal point of 
the vector, 


o 


14 


Vectors are denoted by bold faced letters A,B,C and their magni- 
tudes are denoted by !AI,IBI,1CI called the absolùte value of 
A,B,C, respectively; more frequently we represent the magnitude 
alone by the italic letters, symbol, such as A, B,C respectively, In 
hand writing. it is convenient to put an arrow above the corre. 
Sponding letters as A.B. C and their magnitudes are denoted by 
A. B,C respectively, 
The following definitions are-fundamental: 
(a) Two vectors OA and OB are equal if they have the same 
Magnitude and similar direction without any consideration of the 
Position of their initial points. fig 2.2(a). Thus 


— _—— 
OA = OB whèn (i) OA = OB 
(4) direction of OA is similar to the direction of OB. 


(b) A vector- OA represents a vector OA with opposite direc: 
tion i.e inal point of vector A becomes its initial point and 


_its initial point becomes the terminal point while the magnitude Te 


mains same as shown in Fig. 2.2.(b). magnitude 
also 


ap —, 
OA + (-OA) =0 be 


=~ The magnitude of a vector is always treated as non negat 
and the minus sign indicates the reversal of that vector through 


Fy. 2.1 6 - determines direction of the vector OP" wun twats N 
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tude 2.3 ADDITION OF VECTORS 
‘ly. In Consider two vectors OA and OB Starting at a common 
corre- point O as shown inFig 2.3. Let thesetwo vectors be the two adja- 
ed by cent sides of a parallelogram,complete the parallelogram OBCA and 
draw the diagonal OC. Assigning the direction by an arrow head to 
BCand AC similar to that.ofOA and OB respectively we get 
— — 
same BC = OA 
— — 
of the AC = OB 


OA’ ) is given by a vector OC. (The diagonal of the 
Parallelograin). This is the parallelogram law of vector addition. It is 
Sty Placing the initial point of BC’ on the terminal point of 
then Joining the terminal point of BC. to the initial point 

OB . The Point O is then regarded as the initial point and the 
AC 1S regarded as the terminal point cf the resultant vector. 

et 

_ i of the resultant vector, OC , is then from the initial 
a OB (i.e. the point O) to the terminal point of BC (i.e the 
88 shown in Fig. 2.3 This method of vector addition is 
18S Head-to-tail rule and can be extended to accomplish ad- 


s. jas 
z mn Definition the sum or resultant of the vectors OB and 
(B 


t and 
je re- 


the above inportant property of vector comb 
y in a position to amend our earlier defini on 
ng that vectors are quantities having magnitude, d 
they must obey the law of vector addition. This con 
takes place with the vector of same kind, velo Ni 
es, acceleration with acceleration, force aS = 
Ñ 
cal determination of resultant of two 


| fig 2.3 consider the triangle OCA. Representing OA, AC 
y A. B and R respectively, we hayé by the law of cosines | 


R? = A? +.B? - 2AB Cos z OAC 2.2 (a) 


R= y A? + B? - 2AB os Z oac 2.2 » 


A Fig 2.4 
2(b) determines Rricasthide, R, of the result 
ie law of sin a vector 
ens TI 
k SinZOAC -0 m,n) is i 
>s the direction Sy the resultant vector, R m2 


AC = OB zR 


Q ` 


IEA EGFF “AVEC f 
operation òf multiplication f 
nd straight forward. The "x 


, BelmlA 
(ù The direction of vector B 
is + ve (Fig. 2.4 [b] ). 


S 
Is - ve (Fig. 2.4 [c). of vector At 


fd 
wy 
-JS 
A 
We hey 
(a) (b) ( 


l 24 
18 same as that of Zi 


la) Represents original vector 

@) Represents new vector after multiplication when scaler 
muliplierds positive 

(Q Represents new vector after multiplication when scaler 
multiplier, m, is negative 


The multiplication of a vector by one or more number (say 

min) is governed by the following rules: 
mA = Am ; commutative law for multiplication 2.5{a) 
ia Ay =.(mn) A : associative law for multiplication 2.50) 
tain X =mA+nA ; distributive law 2.50) 
mR) =m A+mB ; distributive law 2-560) 

5 DIVISION OF A VECTOR BY A 

NUMBER (Non zero) — 


-The division of a vector A , by a number. n, #8 4 
“e multiplication of the vector by the reciprocal k 


(b) Represents new vector after division by number n= 
by number multiplier m = 1/n xX 
(C) Represents new vector when the scalar multplter ts negative, 
= ImlA s 

ne direction of new vector B is Same as that of A, if the 
Is + ve. Fig 2.5 (b) ` 

he direction of new vector B is opposite to that of A, 
ler is - ve, Fig. eo 


T VECTOR 
R in 


P given direction and whose magnitude i 
as a unit vector. We use special notation | 


RES: COMMCIIVIVCATOTFTOTURCUUUGEE 
a! represent the unit vector. A unit Vector can be 


f obtained by dividing the vector by its magnitude l.e. 


aes 

A 2.6 (a) 
unit vector Specifies the direction of a given vector, 

also A= A a 


2 -6lb) 
jhe vectorA which has Magnitude A, is Just A times the init 


vector a î and has the same direction as a as shown inFig:2:6{ a), 
An important set of unit vectors are those having)the direc- 

tions of the positive x, y, and z axes of a three dimensional rectan- 

gular coordinate system, and are denoted by i, j and k respective- 


ly as shown in figure 2.6 (b). These are called rectangular unit 
vectors. 


Let A, A, and A, be the rectangular coordinates of the ter- 
minal point ta vectorA with its initial point placed at the origin of 
a rectangular coordinate system as shown in Fig. 2.6 (c) Then by 
definition [Eq 2.6(b)] the vectors Axi, 1Ay lj and IĀ:1k are referred 


as the rectangular component vectors of the vector A. Ai in the direc- 

tion of positive x.y and z axes respectively. Also [Az], [Ay] and 
|Az|are called rectangular components of A ‘along positive xy and 
z axes respectively. 


Aru 


Cofiversely, the sum of rectangular components vectors pro- 
duces: e original vector A, 1.€ 
cs 
A = Ad + Ayj + Azk 
and the magnitude of A is given by 
A= VŠ + Ry + & 


We take # = f= = 1 This shall be explain when we deal with 
plication of 0 vector by a vector. 


2.7 


2.8 


rrr gee ee COM Civil 


ing Eq. 2.8 the magnitude of vector A is given by _ 


i? pE 
Biyo + (6)? + (-2) 7 


then the unit vector parallel to A is given by ne 


2.8 
K 
g v. 7 S 
Ve A eee 2 - 2k Le specif 
ao ons 7 a ; of a v 
g ed lini 
i ar) 6 2 positie 
O d * J - —>-* the po 
By definition the magnitude(f unit vector is 1 and there! a 
can check our result by mh the magnitude of unit v pe 
Le 
= 


to such as the velocity of a body undergoing un 


Dy 
c= } 


Fig. 2.7 Free vector shifted and drawn Parallel to ieir 


2.8 POSITION VECTOR 


Suppose we have a fixed reference point O,sthen we can 
specify the position of a given point P w.r. to the point O by means 
of a vector having magnitude and direction représented by a direct- 
ed line segment OP as ‘Shown in Fig. 2.8(a)) This vector is called 
position vector. We call OP a position vector, since it determines 
the position of the point P relative to the fixed point O. 


Letr bea position vector ofa point P relative to a rectangu- 
lar coordinate system defined by unit vectors i, j, k and starting at 


z 
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“fF = ey + zk 
Where {, f and k are unit vectors. 
The magnitude of T 1s given by 


n RY 


x AN 
It is tmportant to note that while all vectors have compo- 
nents, only the components of the position vectors are known as 
coordinates. > ‘ 


R 
2.9 NULL VECTOR 
We have seen that thevectorscombine or add according to rgd 
the parallelogram law. We would like to examine whether the same 1 
law is applicable when two vectors are subtracted. 
> => d 
Consider r two freeyéetors A and B represented by directed — 2.10 P 
linesegments PQ and RS respectively, as shown in Fig.2.9(a). (2 
f Qy =% 
ia In Fig. 2.9(b) the directed line segment XY denotes the negative Co 
of vector B.avhich is equal an parallel to vector B but drawt in sent the t 
opposite digéction. F allelogra: 
sing the parallelogram law we add the vectors A and B. P: 
_ The resultant or sum of vectors is given by A + (-B) which represents R 
: difference of two vectors Fig 2.9 (c). Therefore, the parallel R 
Jaw of vector addition ts also valid for the subtraction of ve the 


e, If two vectors are Identical in magnitude and oppo ite | 
fon, then difference vector A + ( -B ) is called NULL or Z 
. . 20 "Le 
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‘The null vector has zero magnitud 
y have any direction.Neverthelens oe San accept 
or though It really does not quite fit to our definition una 


a 8 
eee S 
5 e) 
(a) 
A 


has no direction or 


R x 
=> P 


S x va 
= > 
YA 8 i 
R Y p 


(b) ; (c) 


Fg.2.9 (a) Two free Vectors R ond B 
(b) Negative of Vector-B 


ad -© 
(d Difference Vector A = (-B) 


Pi 


2.10 PROPERTIES OF VECTOR ADDITION 
@ Commutative law of vector addition. 


Consider two vectors A and B . Let these two vectors repre- 
Sent the two Adjacent sides of a parallelogram. We construct the par- 
OACB as shown in Fig. 2.10, then the diagonal OC rep- 

resents the resultant vector R. From Fig. 2.10 we have 


R +5 ` amna 
R S42 2.12 0) 


2.12 


language of vector algebra, this fact is EnA as 
tive law of vector addition. 


(il) Associative law of vector addition, 
-= = 
Consider three vectors A. B and g. as shown in Fig. 2.11, 


using HEAD-TO-TAIL rule, we obtain the resultant (A + B) and 


(B + Q) as shown in Fig 2.11. Once again using Head- -to-tall 
rule, we write 
my 


> > > 
R = (A+B)+C 
> > > = 
R = A+(B+C) 


therefore 

> a > > > > 
(A+B) +C=A+(B+C) 
In the language of vector algebra, this property of vector ad- 


dition is referred as associative law of vector addition. Consequent- 
ly, on the basis of these laws we conclude that the sum of vectors | 


remains same — of any order or be of vectors. 


| ieee 


Fy. 2.10 
Commutative law Of vector addition TO Saric tale Gf oeta aan 


Example 2,2 
A —— 
Mia Represent graphically three displacement vectors OA .OB, 
oc g magnitudes OA, OB, OC and making angles of 0°. 
40°, 70° with respect to positive x-axis (measured counter clock- 
wise) respectively. Determine the resultant displacement vector 
and its direction w.r.t, x- axis 
Solution 


Choosing the appropriate scale of magnitude, the 


WUUMUVES. CONVTCIVIUCATOTTUURCUUCTON® 
_ vectors are drawn as shown In Fig. 2.12[a), Fy 
. - 2.12 
2.12{(c). For the determination. of the resultant Miia MEA fi 
we proceed as follows: ment vector 
i fi 

Step & torm the resultant displacement vector OQ by 

combining OA and OB, according to the parollelo low a 

shown in Fig 2.12(d). The magnitude and direction of 09 can eas- 
ily be measured. 

Step 2. Combine the vector OQ and OC by the taw of pa- 

rallelogram and obtain the resultant displacement, vector OR as 


shown in Fig. 2.12(c). The magnitude and direction of OR can ea. 
sily be measured, 


Alternatively, we can obtain the resultant displacement vec- 
= 
tor OR by assuming all vectors as frée vectors and simply using 
the Head-to-tail rule as shown in Fig. 2.12 (f observe that 


>"> — 
() AQ = OB, whose ‘initial point lies on the terminal 
z 
point of OA 


— — 
lü) QR = OC, whose initial point lies on the terminal 
— 
point of AQ 


As the vector OR represents the resultant vector, its magni- 
tude IOR | ts given by its length and the direction is given by 
2RR: 

From Fig.2.12( f). we observe 


— — 
OR = 0A + OB +0C 


OR #4 OA + OB + OC 


DUMVE. CONITCIIVIVCATDITUTUFY 


ld) Sum of vectors OA and OB 

te) Sum of vectors OA’, OB and OC” 
() Sum ofvectors OA’, OB and OC” 
oblained by applying Head-to-tait rule. 


Fy. 2.12 
(a) A directed line segment O? 


(L) A directed line segment OF? 
(J A directed Ine segment OC 


Example 2.3 
A point F P is subjected to six different forces such as F,. Fa 


> 
E E Fo F, as shown in Fig. 2.13 (a). Find out the resultant 


force at the point Pé 


Solution 
Assuming all vectors as free vectors, we begin by first draw- 


ing the vector F, parallel to itself as shown in Fig 2. 13 (b) Applying 
Head- “to-tall rule, w we place the initial point of vector F, on the ter- 
minal point, of F, in such a way that the vector F, JTemains 
parallel to itself. Then we e place the initial point of vector F, on the 

terminal point of vector F, while maintaining the original direction | 
and magnitude of the Vector F, and so on, till the initial point of 
F, ts placed on the terminal point of Fe Finally, join the tenminal 
point of vector F, with the point P and this gives the resultant vec 


24. 
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_ — — — 
+ 
F, + F, + F, + F, + BS 
SS 


The force equal and opposite to R. (1.€=R ) when applied on 
the point P will prevent any displacement of the point P. 


. Example 2.4 


Given three vectors A , B. and € as shown in Fig.2.14(a), 


oc” construct 
7 WR- + hy aE L R-E 
N + 2C 0b 4C - 3 (2A-B) 
— — 
F;. F.. 
‘sultant 
t draw- 
pplying 
he ter- 
mains 
the MEn 2s and direct 
esd PQ.214 (a) Vectors A.B and C of gwen magnitudes and aay? 
a b) Graphical construction to obtain A ree 
si (9 Graphical construction to obtain 2A -B- — 
rnal à C= (2A -B) i 
t. (d Graphical construction to obtain 4C = -7 (2 - 


y Fig.2.14 (b) shows that the vector B has become double 
f drawn in opposite direction to make it-2B, then using Head-to- 
"ule, we find the resultant vector OC. In part (b), first we fo 
the resultant vector of the quantity inside the Parentheses in 
which B is. drawn opposite direction to make -B as shown in 
Fig.2.14(c).Fig.2.14(d) shows the newly formed resultant vector of 
the quantity in Parentheses et is, made half and drawn 
opposite direction to make it - 3 (2A - B) and then combined 
with 4C to form the resultant vector. 
2.11 RESOLUTION AND COMPOSITION BY 
RECTANGULAR COMPONENTS 
The graphical method already discussed_for the addition of 
-< vectors is inconvenient for vectors defined inwo or three dimen- 
sions. Keeping in view this situation we naw discuss a method for 
addition of vector, which is analytical. Here the given vector is re- 
Solved into components w.r.to a particular coordinate system. 
Consider a vector A whose initial point is placed at the origin 
of two dimensional coordinate System. Fig.2.15(a). 


(i) From the terminal point P of the vector A fig.2.15(b), we 
draw two perpendicularlines PQ and PS on x-axis and y-axis, re- 
spectively . 


= 


(ii) The liné OQ is denoted by vector . Ay, as it is directed 
along the x-axis and the line PQ is denoted by the vector, Ay. and it 
is directed along the y-axis. 

K om Fig. 2.15(b) we see. 
-> 


= Axt Ay 


~ 


The vectors A, and Ay are referred, as rectangular vector 
_ components. 
=a From the fig.2.15 (c) 


Fg.2.15 (a) A vector A and perpendicular x and y axes 
bj She components of A s are A, and A, š 
Pesolution of vector A onto tts scalar commana 
< Resolution of vector A into its vector components 


A - 
re A, A,. and Ay represent the magnitudes of x . A, and 
ively. ; : 
a vector is resolved into its rectangular components, the 
are then used to specify the vector. These components 


my 


like scalar quantities as depicited in Fig. 215 
Bee can obtain the orgnatie eam 


MVS CONVTCIVUCATDITOIUTY 


ow as composition of a vector. To obtain magni ` 
tion, we refer to Fig. 2.15 (b) $ 


z F CTE 


A 
tand = — 
_, Ay 
A 
@ = tan’ =. | 2 
Ax 


Where 9 gives the direction of the vector w.r.t the +ve X-axis 
measured counter clockwise. 


When the vector A is written in terms of its components and 
the rectangular unit vectors fig. 2.15(d) such as“ 


is Ad +A j l 2.20 


then the quantities A d and Ayj are referred to as vector com- |. 


ponents of A. 


Thus we can pass back and forth between the description of 
‘a vector in terms of its magnitude A and direction 9 and the quiv- 
- alent description in terms of its components . 


Having dealt with the resolution and the composition of a 
vector, we now tum toward its application. The resolution and 
composition of'a vector provide an analytical tool for addition of 
a number Of vectors in a given coordinate system. Once again 

trictYour discussion to two-dimensional coordinate system. 


The meted flows as under: 


Step: 1 Resolve each given vector into its rectangular | 
components Le, x-component and y-component. 


ES, Step 2. Find the algebraic: sum of all the individual x- 
components, the sum then represents the compo- 
nent of the sum vector along x-axis 


f ep: 5. Find the direction (i.e the value of angle 0 w.r.t. 
+ve x-axis measured counter clockwise of e 
sultant vector. 


2 ADDITION OF VECTORS BY necrarou 
"COMPONENTS me 


P Consider two vectors A, and Ay having magnitude Aand A, 
respectively. The vector A, makes an angle @, and the vector A, 
makes an angle 8, Sith the + ve x-axis as gin ine 


Ø Resolve the vector A. into its rectangular components A, y 
: and Ay as shown in Fig. 2.16(b). ‘The magnitude of these compo- 


‘nent vectors is given by 


A = Rut Ae 
Ay 2 (Ax? Ax) 


f vector A, into its Lee components A 
n Fig. 2.16(b) then magnitude of each compe 


ne component vectors along x-axis 
o= (R Ai nS 


ie sum of the magnitudes of REE. is given by - 


W. 
2.25 
(A, +A, r F 
S0 
um of the magnitudes of y-components is given by 
= + 2.26la a 
We y i wW 
2.26(b to be n 


2.27 


the positive x-axis to be east and positive y-axis 


h direction Fig 2.17. First we draw the line OP=4em 
cm)along the +ve x-axis which represents 200 km 


nent vector A. Next we draw the line PQ=3cm which 
angle of 60° with +ve x-axis measured counter 
» this represents 150km displacement vector A, 
gnitudes of x-components are 
coso = 200km [+ 6 = 0} 


Ay = Ay sin60"» 150km sino" = 75)/Siem 
Tue tum of the magnitudes of y-components are Sy 


= Aly + Ary 
: Ay = 75 3 (km) V 
l SS , P= 
Steps. Ro 
The magnitude of the resultant vector is pen by wt 
x) east 
P sA = Apt A j AY : 4 : m 
-F 5 method | 
: E = 1275F tmi? + (75/3 Pim é nae 
ru A = 304.138km -more tha 
A 75y/3 (km) Examp 
j PEY ee 
tan@ = A, Q 2750m) = 04723 k 
Ky 
@ = 25.28 dinate gy 
ultant vector-= 304.138 km and d ection 
is 25.28° north of east. 
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A z A, A, 
— 

E o a Na 

A, A 
—— ec. 

Sin ZQOP Sin ZOPQ 
. A 
sinZgoPp). a sinZOPQ 
150km 


= 3oa138km ®"120 = 0.4271 
+ @ = sin’ (0.4271) = 25.28° 
which gives the direction of the resultant i.e; 25:28°north of 
east. 
The two methods produce same results, However, the second 
method is restricted to the addition of. two véctors only, while the 


first is more genera! and can he used to And the sum of two or 
-more than two vectors. 


Example 2.6 


Three Coplanar vectors with reference to a rectangular coor- 
dinate system are 


multiplic 
is a scal; 


Co 
spective] 
(a). The ; 
Product , 
between 


VONTICIVIDGATOYTTUTOUREDCG 
=. = 33.69° 

5 -> + -+ 
vectors A,B,C, and R are drawn in Fig. 2.18 The angle @ 


the direction of the resultant vector w.r.t +ve x-axis measured 
; clock wise from the +ve x-axis. 


3 THE DOT PRODUCT 


We have studied earlier the muitipiication of a vector by as 
number, We now tum to multiplication of a vector by a vector. Like 


scalars, vectors of different kinds can be multiplied by one another 
to generate quantities of new physical dimension as explained be- 
low: 


(A) SCALAR PRODUCT OF TWO VECTORS 


The operation of scalar product of two vectors involves the 
multiplication of two given vectors insuch a way that the product 
is a scalar. : 


Consider two vector A and B having magnitude A and B re- 
spectively and having angle’@ between them as shown in Fig.2.19 
(a). The scalar product<of two vectors A and B is defined as “the 
Product of magnitudes of the vectors and the cosine of the angle 
between them”. Thus 


ce 
be = ABcos@; 04602Zn 2.29 
C 2°s 


the angle 9 between A and B is the smaller angle between 

the positive direction of A and B, i.e 0 < 2x - 8, which is inequality 

between two possible choices. The quantity (ABcos6) is a scalar 

b Quantity, hence the name "scalar product”. The quantity ABcos® is 
a Called dot product of the two vectors A’ and B°. 


i perpendicular to B, i.c 0 = 90°, or one of the tyl 
is a nul! vector then 


1 


hj =j-k=k.i =0 
MUTATIVE LAW FOR DOT PRODUCT 


| a s 3 > 

= Mg. 2.19 (a) Two vectors A and B and having angle 8 between them 
(b) Projection of vector B onto the direction of vector R 
(c) Projection of vector A onto the direction of vector B 


- 
where A, represents the projection of vector A 


Onto the direction of vector B” comparing eq. 2.35 and 
eq. 2.36, we get 


S the scalar product of two vectors does not change with 
e In the order of the vectors to be multiplied, Hence scalar 
f two vectors obeys commutative law for dot product, e 


N 
No.2.38 (f) demonstrates the distributive law for dot 


Ke 
2.7 < 


Juate the scalar product of the Pitowig: 
| iit) ik (iii) k. Ua +j) 

(2i -j + 3k). (3i 2j -k) 

(i - 2k). (j +k) 


lerei. jand k represent unit vectors along x.y and z axes of 
nens onal réctangular coordinate system. 


ton 
= lil lil Cos0 =] 
= lil ik1Cos90° =0 

Rli+j) = kit kj 


= Ik | lilcos90° + |k] [J] cos90° 
=0 


> ow 
unit vector in the direction of vector B ve b, then by 


B (to2j 42k) boas e2k 


tese_-_“_s = 3 


V iit + ae 


a i jo, 2k- 
à 3 3 Fe eg 


> g , ` A X 
tion of vector A onto the direction of vector b is 
i 2j 2k 


6k). 3 ge trg 
6 12 8 
3s “3 


£ j bi Ri cos 


aL 


al 


© com =e = 8/2) 
oe =. 67.6" 
 pxample 2.9 


Find the work done in moving an object along a straight line 
from (3,2,-1) to (2,-1.4) in a force field which 1s given by 
F = 4i- 3j + 2k and also find the angle between force and displace- 


ment. 
Solution 


Let W represent. work which ts given by. 
- =~ 
W= F.d 
where F is applied force 


Pi is displacement which is given by 


Bee (ax)i + (Suis + (x2) 
= (2-63) +-561-42)f + (4-(-1) k 
= (-i) + (-3j) + (5k) 
S + -a + (5k) 
Wo F.a = (At -9f +2). (1-35 25k) 
244i + gy + 10k. 
V a -4+9+10 = 15 


By definition 

E F Zo ra cose 

Where 8 is the angle between F’and 3 
o W za FdCoso 


Al 


> > -= x = 
tors Aand Bare such that IAJ’=4, | BI =6 and 


= 


( 4,1 
Find the magnitude of vector A - B’ | and the angle 
* and B’. a. 


HE CROSS PRODUCT 


preceding sections, we developed and discussed the ki 
uplication of two vectors in such a way that their resul- 


uct Is a scalar quantity. When dealing with quantites 
torque, angular momentum, the force on a mo 


magnetic field, flow of electro magnetic energy. eto, We 

ultiplication of two given vectors in such a way t the re- 
product {s a vector quantity. This prodot {s known as 

product or cross product, 


RS 
Consider two vectora A and B. the vector Product of these 
two vectors ts denoted by AxB . and read as "A cross E, The i 
cross or vector product of A and B, is`a new vector © =AxB, by 
definition the vector C is perpendicular to the plane containing the 
vectors A and B. By definition) the magnitude, 1 A x Bl, of the 


| rss product or the magnitude, IC 1, of the vector © is given.by 
age! 22 aio LPA FA: 2.39 


Where A A anid B, apse the magnitudes of vectors A and E B 
Tespectively. 8 Is smaller angle between the positive direction of A 
i leis 2r-0. 

Q 


The vector C = A x B, which represents the cross or vec- 
Uct is perpendicular to the plane containing vectors A and 
nition) 2nd points in the direction in such a way as to 
and Ç. in that order, a right handed system as abe 


oes TONVCMULATDYFUIUNEE 


Fig. 2.21 shows vector product x B In right handed coordinate system, 
Fig. 2.21(a) shows the direction of the vector Č ts that in which aright hand- 
ed screw advances when turned from A to B 
Fig 2.21 (b) shows the direction of the vector D changes through 180° when 
tumed from B to A. 
Fig. 2.21 (c) The area of Parallelogram is given by the magnitude of the cross 
product 
-= ~ 
Similarly a right handed screw, turning from B to A defines 
aia 2 
the unit vector - u . then 


D =(BxA) = [BAsin9j (-u) 2.41 
=(BxA) =~ [BA sin0) (u) 
CEBA = [BAsne] & 2.41) 


The quantitiċs AB sin @ and BA sin 9 on the R.H.S. of Eq 2-4 
and 2.41 (b) being the magnitudes are equal 
therefore < ~ 


N 
A xB EiB xA or © =-D 2.42 


The Ey 2.42 signifies that the commutative law for cross product 
is not valid. 


.> > -> > > -> 
AxB = -BXA or C=-D 
The Eq. 2.42 signifies that vector multiplication is not com 


To give physical interpretation of vector product of two ra | 


2.17 


C = ABsiné@ 


C=AxB 

the vector product, A x B „is BES to the 
plane containing both A and_B Comparing eq. 2.43(b) 
and Eq 2.44, we conclude that the cross product js 
Perpendicular to the parallelogram defined by vector A 
and Vector B and its magnitude is equal to the area = 
the parallelogram. 


plea example of a vector product is the moment 
point O, defined as 


Te 


Go 
a Bi + B,j+ Bk 


or vector product will be written as 


- 


le between two vectors is Ga 8, - 0, = 


the cross product of vectors R, and R,is 


ee 


as R, R, sino m A 


y3 y 
ee ori eya qa 
"As the vectors R , and R, lie in x-y plane, 
enting Cross product lie parallel to z-direction. 
Example 2.12 Y 


Ss 


ore the vector 


Two sides of a triangle are formed by the vector A= 3i + 6j 
S 
_ =2k and vector B = 4i - j+ 3k . Determine the area of the triangle. 


Solution 


i The area of triangle\in terms of vector product is given 
by SIA xB)I, À ; 

NE Gis 6j - 2k) x (4i -j + 3K) 
SB x 4b +f + 3K) + GF Ui -j+ 3k- 


18jx k - 8k xi + 2k xj - 6k xk 


=. AL 
= 16%- 17j + 27k 


. £(18-2) + J(-8-9) + k (-3-24) 
eg 16t - 17J - 27k 


y 16) + (-17)? + (-27)" = Pa 
i 
3 y 1274 aay 


vectors. 
1) 
(3) 
(5) 
(7) 
(9) 
(11) 
(13) 
(15) 
(17) 
(19) 
Ans; 


OULUDE .CONMVCIVIDLATOTTUOTOREL 
unit vector parallel to A xB Is given by Eq 2.6: 


a A 10f +3j +11k 
yoo +37 + 10° 


10i +3j +1lk 


yz 


C= 


PROBLEMS:- 


1. State which of the following are\sealars and which are 


vectors. 
(1) Weight {2) Calorie 
(3) Specific heat  - (4) Momentum 
(5) Density (6) Energy 
(7) Volume (8) Distance 
(9) Speed (10) Magnetic field intensity 
(11) Entropy (12) Work 
(13) Centrifugal force (14) temperature 
E (15) gravitational potential (16) Charge 
7 (17) Shearing stress (18) frequency 
(19) Kinetic energy (20) Electric field intensity. 


to (1) vector (2) scalar (3) scalar 
Ò - (4) vector- (5) scalar (6) scalar 
(7) scalar (8) scalar (9) scalar 
(10) vector (11) scalar (12) scalar 
(13) vector (14) scalar (15) scalar 
(16) scalar (17) ‘vector (18) scalar 
_ (19) scalar (20) vector n 
“Find the resultant of the following displacement: 


A = 20Km 30° south of east: 


00 km due west from city A to city B, 
ast to city C, and finally 100 km north to cityD, 
Ato D? In what direction must the aeroplane 


+ 3j -k, 3 
unit vectc 


An 


and the angle between the two ropes is 
nt force on the ship. Doe 


alculate the 


_ Ans. 10392 N 


_ 9. The position vectors of pone? P P and Q are given byr, tr, =2i 


> = 4i- 3j + 2k. Determine PQ. in terms of rectangular 
ector i, j and k and find its magnitude. 


“Ans. 2i -6j + 3k, 20 


ay > 
. Prove th; e vectors A= 3i+j-2k, 


stig 4k,C=4i -2j -6k, 
Bm the sides of a triangle. Find the length of the medi- 


L/ iia, 4/750 


e rectangular components of a via 


MEST Wey OULUDE CONV CIVIUUCAT DT TUTONG 
j (iW) A, = -9.6 unit, Ay= -11.5 unit 
d ; (MAg = 9.6 unit Ay= - 11.5 unit, 


_ 12. Two vectors 10cm and 8cm long form an angle of (a) Eq, 


(b) 90° and (c) 120°. Find the magnitude of difference and the ange 
with respect to the larger vector. 


Ans. 9.2 cm,49° (b) 12.8 cm, 38° 41 (c) 15.6 em, 26°.22 


13. 3. The angle between the vector A and B is 60°. Given that 


\At = E i= calculate (a) IB-Al; (b) IBAI 


Ans (a) 1, (0) /3 


14. A car weighing 10.000 N on a hill which makes an 
angle of 20° with the horizontal. Find the components of car's 


weight parallel and perpendicular to the road) 


Ans. Fy = 3420 N, Fy = 9400N 
5. Find the angle between A= 2i + 2j-k and 

B=6i -3j +2k. 

Ans. 6 = 79° 

16. Find the projection of the vector. A= -2j +k onto the 
direction of vector B= '4i - 4f + 7k, 

Ans. 19/09 

17. Find the angles. © , B, y which the vector 

A=3f -6f +2k makes with the positive x y.z axis respec- 

~ i 


Ans. Q = 64.6", B = 149°, y= 73.4° 


l 18. Find the work done in moving an object agi ? 
N =3i+2j-5k E ani force is f’ « =2i-j-k. 


Ans.9 


JIKO 


obje‘ 
yon 
yon | 
whet 


>} 
wy 


BONS CONnVCIVIDCATDT TUTOR 
. Find the work done by a force of 


through a distance of 45m when: ta the fe ee an $ 
of motion; and (b) the force makes an angle of 4c? a oe 
A of motion. Find the rate at which the force is workin gat eee 
2- when the velocity is 2m/sec. ‘ine 


4 6 
Ans. (a) 1.35 x 10°, 6 x 10w {b} 1.03 x-10°5, 4.60 x1dy, 


=e > > -> 
20. Two vectors A and B are such that IA I= 3.1B l= 4,ang 
R.B. =-5, find ` 
> > 
_ (a) the angle between Aand B 
> 4 +> a 
(b) the length | A + Blandi A-B) 
> 
(©) the angle between (A + B) and(A-B) 


Ans. (a) 114.6° (b) yas. y 35 (c) 107°.8 
“QL. A =2i-3j-k.B = i+ 4j Uk, 

-> 2 > > ~ => > = 
Find (a) Ax B. (b) Bx A. (cA + B) x (A-B) 
Ans. (a) 10i + 3j + 11k (b) -10% -3j -11k 
{c) -20i -6j -22k 


22. Determine the unit vector perpendicular to the plane of A= 
2-6} -3k and B =47+3j- k 


3 2 6 
Ans. +( zt > j+ 7” 
23. Using the definition of vector product, prove the law of 


sines fòr plane triangles of sides a, b and c. 
„Ans. sin A/a = sin B/b = sin C/c 


24. 1f 7 , and T, are the position vectors (both le in xy 
Plane) 1 2 p 

` Count Making angle @, and 6, with the positive x - axis measured 

a Clockwise, find their vector product when 


a é 
col = 4m 0s 30° 

~ 
r 


2 3cm 
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3,1 DISPLACEMENT 


The change of position of a body in a Particular direction is 
called it displacement. By definition it is a vector quantity. If a 
body moves from a position A to another position Bì as shown in 
Fig.3.1(a) we can represent its displacement by drawing a line from 
Ato B. The direction of displacement can bershown by putting an 
arrow head at B, which indicates the direction of displacement 


B 
B 
| 
BR 
A 
Fig. 3.1 (a) Fig: 3.1 (b) 


ftom AOB. The actual path of a body may not be a straight line 
from. to B, it may be a curved path as shown in fig.3.1 (b). The 
‘Sal represents the direction of motion of the body. 


53.2 VELOCITY 


The velocity of a body is defined as the change of its dis- 
p t with respect to time. Alternatively it 1s also defined as 
the rate of change of its position in a particular direction. 


55 


i Consider a body in motion. The path of its motion is repre, 
sented by line AC as shown in Fig 3.2 


ce) 


Fig. 3.2 
At time t,, let the body be at point P in Fig 3. 2. Its postion a, 
this instant with respect to origin O, is represented by vector OP=r, 


Ata later time tz, let the body be at point Q. described by vector 
T2 

As the body moves from Pto Q in time .At=t,- t,. it under- 
goes a change in position Ar = fr, - AL 

The displacement.vector describing the change in positions of 
the body as it moves from P to Q is Ar which is equal tolr -i 
Le Or =(F,- r ph, and the time for the motion between these tw0 
points is At. which ts equal to (t,- t,) Lest = (t, t,)- The average 
velocity of the body during this interval is defined by 


i 
S = ŻE „ displacement 31 
At time 


The rate of change of position of a body in the direction d 
displacement is called velocity. 


ooo 
s 56 


BOUUVE CONMVC/IIVIDUCAT DI rU PENE 


graph also. 


Whe! 
distances in 
will be a st 
A on the g 


said to have a uniform velocity, 
is. a body is said to have uniform eal “a 
ances In equal intervals of time ina given dir: 
l interval may be. The S.I unit of velocity Is KS wis 


'3 VELOCITY FROM DISTANCE - TIME GRAPH:- 


‘The velocity of a body can be detefmined by distance time 


a p also. 


Whena body moves with uniform velocity it will travel equal 
es in equat intervals of time- A graph of distance against time 

a straight line as shown in fig. 3.3 (a). If we take any point 

a the graph and drawà perpendicular AB on the time axis, it is 


ee, 


Fig: 3.3 (a) Uniform Velocity 
ents the distance travelled in the tir 
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The ratio > 1s called the velocity of the body. 


Fig. 3.3 (b) represents a graph of distance travelled in a gy, 
en time by a body moving with variable velocity. If we want to fing 
the velocity of the body at any point, say A on the curve then we 
draw a tangent EG to the curve at point A and obtain a right an. 


gled triangle E F G and measuring its slope. rg. 3-4 
GF 3 Acc! 
Velocityat A = =~ AA 
EF N gs that of 
In t 
approach 
taneous ac 
| ais 
If the 
Fg: 3.3 (b) Non-Uniform Velocity 
ative. the n 
3.4 ACCELERATION :- celeration. 
We have just defined’ that the velocity of a body is the dis: | The $ 
tance covered by it iña particular direction in unit time. It can ond ang wr 
be changed by a change in its magnitude or its direction or both. 3 
_ When ever therë E change in the velocity of a body, the body is i Acc: 
_ said to posséss. acceleration. By definition acceleration is a več GRA 
tor quantity. 
a ; Figure 
i üppose that at any instant t, the body is at point A andis na Straigh 
m moving ‘with u velocity V,, At a later time t, it is at point B moving | elena 
with velocity V,. Malus gp 
OF ya): 
lue Velo, 
The B pa 
average acceleration a, during the motion from A t0 Cel, 


ined to be the change of velocity divided by the time interval 


ition being a vector quantity has the same 


ae 
S 
in the limits of a very small At the average abteleration will 
h the value of tnstantancous acceleration. Thus the instan- 
nto. a. is defined as OY 


lim rs 


Ato At 36 


1 fth velocity of a body- is. decreasing the aiii is neg- 
the negative acceleration is also known as retardation or de- 
2 Hor * oa 

Ag 


pe 


S.l uset acceleration is metre per second D 
m/s? 


ATION FROM VELOCITY - TIME 


h fa) uniform erent ss and (b) n 
bilme en was used to di 


y 
= 


$ 


© a ee ean n 
— 


O Time L Time N 


Fg. 3.5 (a) uniform acceleration (b) Non Uniform acceleration 
From Fig 3.5(a) and 3.5(b) 

aa 

Acceleration 00 

MN 

E LN 3.8 


3.6 EQUATIONS OF UNIFORMLY ACCELERATED 
RECTILINEAR MOTION 


Acceleration at P = 


We have studied that if a body is moving with constant accel- 
eration a, its initial velocity is Vj.and after time 't' its final velocity 


is Vy. Then the motion of the body is governed by the following 
equations. è 


Vp = WY +t Emm 
il 
S = Vir za ——— 2 


vf ev + 2288 ———_____, 3 
Example 3.1 


As the traffic light tums green, a car starts from rest with å 

constant acceleration of 4 ™m/s?. At the same time, a motorcyclist 

7 ns a po $: olga Speed of 36 Km/h, overtakes and passe 

he car. beyond the Starting point will the © 

‘es the motorcyclist (b) what will be speed of the car at the 
it overtakes the motorcycle, 


Starts from rest and moves with a constant accelera- 

the Sth second of its:motion, it covers a distance of 36 
late (a) the acceleration of the car (b) the total dis: 
by the car Geng this time. 


a 


ia distance covered by T car is "S", Let "a" 


12.5a a) 


rly distance covered by the car in 4 seconds co 
= Velocity of the car = V; = oS 


Acceleration Ai AAE E.. K 
_Timetaken = 4 seconds. x 


Using the Eq. K 
S = Vt + p at? 
we get : 


Z xax (47 


e (2) 


Now the distance Covered by the car in Sth second 


ss - S, = 36m 


“= Bae Eq. (2) from Eq. (1) and putting these values 


4.5a 


36 


a =a 8 mat 
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Applying the equation ; (T 
l í 
A S = yte % at’ oton 
we get 
1 2 
3 S, = 0x5 +o x 8x ©) af 
Pn Oo +F 4 x 25 
= 100m 
3.7 MOTION UNDER GRAVITY 2 g. 
The most common example of motion with nearly constan 
acceleration is that of a body falling towards the earth. Thistaccel- 
eration ts due to pull of the earth (gravity). If the body moves. towards 
earth, neglecting air resistance and small changes in the acceleration L 
with altitude. This body ts referred to as free falling*body and this ground 
motion ts called Free Fall. 
Such type of vertical motion under the action of gravity is 
good example of uniformly accelerated“motion. The acceleration 
due to gravity is usually represented by g. Replacing acceleration a 
by acceleration due to gravity "g the equations of motion becomes 
Vp = Vi + gt 
4 
S = yt KI g 
yọ si VP + 2gs 
In S.I system the value of "g'is 9.8 m/s? 
Y> 
Example 
SH ramy 
Aball is dropped from the top of a tower. If it takes 5 sec- £ 
| Onds to hit the ground, find the height of the tower and with what 
= velocity will it strike the ground. ( 
; _ Initial velocity = V = 0 0 
2 et, ( 
_ Acceleration = a= +g = 98m3? ( 


0x5 ++ x+9.8 x (5? 


= 122.5 metres 


5 seconds 


E =<9.8 m/ s 


3 N 
in this case is taken to be negative because the 
rected upward. ¥ 
the equation we get 
Vv 2aS 


- (98)? = 2(-9.8) x (h 
98 = -19.6 (X`h, 
= 98 (x` 98 


98 x 98 
h a = 490 metres 


S 19.6 
is the time taken by the ball to reach the highest 


obtained by equation 


ys V +at 


locity V = 98m/s 
VY = 0 m/s 


= -g =-9.8 m/s? 


Jl remains in air duthg the time interval in 


point of projection to the highest 


point and then, 
to its initial position, Let this interval be T seconds, 
cement after T seconds is zero. The value of Tan be 


Y 


y the equation 
S Vit 
initial velocity Vi 


a 


20 seconds 
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i. When the ball returns to the ground, its net displacement 
` zero and the velocity with which It returns to the ground can by 
_ calculated by the equation 


i a 2 


S 
u 
$ 
m 
n 
` 
© 
_@ 
3 
` 
a, 


Acceleration = 
Initial velocity = Yo = 98 m/s 


Final velocity = 

Displacement Fd 
oy - (98)? = 
S y = (98) 


Y ns 


x (-9.8) x . (0) 


+98 m/s 


The value + 98 m/s corresponds to the-instant when the ball 
Was projected up and thus -98 m/s is the velocity with which the 
ball returns to the ground. The negative’sign tells us that the direc- 
tion of motion of the ball. when it:returns is opposite to that of ini- 


tial velocity. So the ball retums’ with a speed of 98 m/s in the | 


downward direction. 


3.8 LAWS OF MOTION 


Issac Newton studied motion of bodies and formulated the 
following laws:>» 


(i). Newton’s First Law of Motion. 


WAY 
“A body remains at rest ar continues to move with unifor 
velocity unless acted upon by an unbalanced force”. 


The law consists of two parts: (1) the first part states that? 


= body cannot change its state of rest or uniform motion in a 


line itself unless it is acted upon by some unbalanced foret 


68 


a ET 


Fror 


or 
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pange ita state. It can also be stated that a mo t 

Saed upon by some net force would have fres ie body when not 
form motion in a straight line, motion, that ts, uns. 


» Fo 
which when applied to a body, changes or tend ree ls an agency 


of rest or of uniform motion 1.¢ produces acceleration in the body 


This law ts also called the law of inertia because it points iB. 
3 js a very important property of matter which is called inertia 


Inertia is that property of matter by virtue of which if it is in 
state of rest or motion it tries to remain in that state; 


_ If two bodies of different masses are moving with the same 
velocity under identical conditions, it will be more difficult to stop 
or change the motion of the body of the larger mass, because the 
body with larger mass has more inertia than the body having less- 
er mass. Thus the mass of a body is adirect measure of its inertia. 


{il) Newton’s Second Law of Motion. 


From every day experience we know that, if we push a body 
harder, it moves faster. Its-velocity change in the direction of the 
force exerted, from such experiences it is established that when a 
force acts upon a cértain body, the acceleration produced is pro- 
Portional to the force. Symbolically it can be expressed as 


E “te a 
or 
Xe) F = ma 
Where F ts (vector) sum of all the forces acting on the body, 
m is the mass of the body and thie equation 3.9 can be regarded as 
A statement of Newton's second law of motion. 


3.9 


The eq: 3.9 can be written as 


MYOU DECOM CATO Y TUN 
m being constant it can be stated that acceleration of , » 
ody is proportional to the resultant force acting on it anq the | 
rection of acceleration is same as that of the force. It ts algo 
from the above equation that the acceleration for a given force 
inversely proportional to the mass of the body. 


4 The second law of motion provides us a means for the 
titative measurement of force as well as mass. Wan, 


- (ill) Newton’s Third Law of Motion. 


i. 
n 
k 


Newton's third law of motion can be stated as follows; Rà 


"To every action there is always an equal and opposite Tea. | 
tion”. 

When a body A exerts a force on another body:B; it is called 
the action of the force A on B. The body B will also-exert a force on 
body A, which will be equal in magnitude but opposite in direction, 

This force is called the reaction of B on A. 


Let block A strike block B with a force Fe and the block B 
will also exert a force F,,, on the block A which will be equal in 
magnitude but opposite in direction’and further more the forces lie | 
along the line joining the centres of mass of the bodies. therefore 


= > 
FaonB = “Hoa and Faos = ~-FBona 
Fiona 


Si BonA 
£ oo 
Fig. 3.6 abe, 
` Example 3.5 


A car of mass 1000 kg travelling ata speed of 36 km/hout 6 
' brought to rest over a distance of 20 metres, find (i) average ret" 
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yon (ui) average retarding force. 
~~ Massofthecar = m = 1000 kg 
Initial speed = Vi = 36km/h 


ten 


= 60x60 ~“ 10 m/s 
Final speed = Vy = O m/s 
Distance covered= S = 20 metres 


Now applying equation 
vf = VÊ +2aS 


(0)? = (10)? + 2x20a 
no 2.5 m/s? 
3x20 Sms 


(minus sign means retardation or deceleration) 


Knowing “m” and having found "a®we now substitute in 
F= ma, to find F. 
Thus F = ma 
= 1000 x -255 
= -2500\N 
Average retardation = 2.5 m/s? 
_ Average retarding force = 2500N. 


3.9 MOTION OF BODIES CONNECTED BY A STRING 


According to Newton's third law of motion “to every action there 
is always an equal and opposite reaction”. This also occurs when 
{wa bodies pull each other through a material medium, Thus if we 
both ends of a string, out fingers will feel a force, this force fs 
called the tension in the string. Similarly, when a body of weight 
ÍS kept suspended by a string the weight of the body pulls the 
downwards, while the string pulls the body upwards with an 
qual force, this force is called the tension of the string. In the fig. 
` 7 (a) at point B, the hand experiences a pull in the downward re 
“on, Hence the direction of tension of the string at this point 
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F “downward. However, at point A the string must exert a fore M 


| 
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ward to balance the weight of the body. Thus the direction of p 
tension at A is upward. Hence the direction of the tension depend, 
upon the point where the string is connected. However, its i 
tude remains constant at all points. When the string {s not in bie 
tion, the magnitude of the tension is equal to the weight suspend E 
„from the end of the string. , 

Now we come across two different cases of motion of tro. 


bodiés connected by a string and we shall deal with them separately 
Case I:- When both the bodies move vertically. 


Consider two bodies of unequal masses m, and.m, connect. 
ed by a string which passes over a frictionless pulley as shown in 


Fig.3.7. 


WwW 


cx 
F1g.3.7 Two unequal masses are sus 

‘ pended by a string from a pulley in 
such a way that both move vertically. or = 


Let us first consider the motion of body A. There are t% 


forces acting on the body (9 weight of the body W, = m,g acting? 
ee he body W, ome 
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we have the equation of motion for the body A ass Ho 


=S a] 12 we 3.10 

w consider the motion of body B, here forces are 

B (i) the tension in the string which ig in the up- 

| direction and (i) the welght W2 of the ody acting vertically 


“upward direction so the 
net Cie acting on B in the upward direction is T - mg. 
Again we can calculate the Same-force on block B by the ap- 
plication of Bewton, 's z second law of motion as m,a. 


For wt “she equations 3.10 an oe 


~“ 


we get 
- ee 
m,a ee = mg -\mg 


A= 01, 
“ tae Biga £ 


SEE El Lrs 
ES nthe suing "T can be clea iy ting Eo 


p tg THPREPARATION 
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(is 
(i 
m, + m, 
Si 
pence t 
smoot 
other. 
N 
the frict 
tension 
Fig. 3.8 Two unequal masses are att- 
ached to the ends of a string passing Si 
over a pulley in such a way that the 
body A moves vertically and body the valu 
B moves on a smooth horizontal plane. 
PaE Fe 
Case Il:- When one body moves vertically and the other moves Bat 
we ge 


on a smooth horizontal surface. 


Consider two bodies A and.B of masses m, and m, respec- 
tively, attached to the ends of a string which passes over a pulley eds 
as shown in Fig.3.8 The pulley is frictionless and that it merely 
serves to change the direction of the tension in the string at that 


point. The body A moves vertically downward with an acceleration og 

equal to “a” and the body B moves on a smooth horizontal surface 
towards the pulley with the same acceleration. th 
As explained in the previous case if T 1s the tension in the Pu 

string, the ¢ downward motion of body A is governed by the equation 
mg-T = ma TNN 3.14 = 

f Now consider the motion of body B. Three forces are acting 

on it. i ; 

() The tension "T" in the string which acts horizontally t | 
wards the pulley, Bes us ' 


h = 


of the smooth | 
acts vertically upward, 
h re is no motion of body B in the vertical 


forces i.e the weight m,g. and the reac 
ace R are equal and Opposite hence they 


a 


cancel each 
F 5 
Now consider the horizontal motion of block B. If we neglect 


friction, the net horizontal force acting on the is T, the 


on in the string which pulls the block towards ¢ pulley, 
SS 


Since the block is moving with acceleration "a" we can get 
value of force by applying Newton's second law of motion. 


o = ma 3.15 


For obtaining the value of "a". add eq.(3.14) and eq. (3.15) 


m, = 5kg. 


bys: M =4.8 kg sang M pas a8 

g * -s 8 m/sec? 3 ass 
ation of the bodies be ‘a’ and the tension of the string be St 
r to calculate the acceleration, we apply the flowing within a 
N apply & 
Tr 
es... a greate 
45 +48 j This qu: 
02 the prod 
= —x 9.8 = 0.2m/s* B 


9.8 
oy 
n in the string we-will apply the 


commonly observed that a heavy body requires i 
accelerate it to a given velocity than a lighter body. Similarly, 


Thus in this case we say that the body having greater has 
ma greater quantity of motion than the body having @ lesser 
mass. - 

Similarly, {f we want to stop two bodies of the same mass 
within a given distance moving with different velocities, we have to 
apply greater force to the body moving with greater velocity than to 
the body moving with lesser velocity. 


Thus we say that a moving body having greater velocity has 
a greater quantity of motion than the body having lesser velocity. 
This quantity of motion is known as momentum and is defined as 
the product of mass and its velocity. 


Units of momentum 


As momentum is defined as the product of mass and velocity 
- &lts units in S1 System can be determined as follows 


Momentum = mass x velocity 
ax 
© = 
Die get 
Momentum = Kilogram x 


= Kilogram x metre / second 


metre 
Second 


ae 


‘Therefore Momentum = newton — second 
Thus the S.I unit of momentum 13 N-S. 


F 
a. es —~s5 
u i m, m, Q 5 m m 
; IX 
> (a) . A 
à b) 
A 
B 
@- +O 
—_—_ —— 
H v, 


Fig 3.9 Bodies A and B (a) before collision (b) when colliding with each 
other and (c) after colliston. 


3.11 LAW OF CONSERVATION OF MOMENTUM 


Suppose we have a system that is isolated; such that the 
constituents of the systeminteract with one an other and no exter 
nal agency exerts a force‘on any of them. Truly isolated objects are 
not possible in the physical world, but a group of objects whost 
mutual interaction is much greater than their interaction with other 
objects can, frequently be treated as if they are isolated. Fo 
example; the molecules of gas enclosed in a glass vessel at constant 
temperature is an isolated system of interacting bodies. 


Let the system consists of two objects A and B of masses Bi 
and m, moving with velosities U, and U, respectively, befor 
collision and V, and V, be the velocities of the objects after collisio® 
along the same line and direction. 


Thus the total momentum of the system before collision 
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As the for 


or 


he 
tile itis 


t an 
Similarly the average force acting upon the body A is 
mV, - m,U, 
t 
As the forces are oppositely directed therefore 


Pa Yc? mY, mU, 


t t 


(m VpS, U = -(m,V,-m,U,) 


a 27 m,U, = -m,V,+mU, 
m,U, +m,U, = mV, +m, W 3.20 


known as law of conservation of momentum which 
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fa sion are the same. Thus the mutual action and Feaction of the 
-~ des of an isolated system are unable to change the momentum 


the system, that is, the momentum of the system is 0 


This is known as the law of conservation of momentum which 
be stated as follows, "The total momentum of an isolated System 
bodies is constant i.e. the total momentum of the system belon 
and after the collision remains same" è 


3.12 ELASTIC COLLISION IN ONE DIMENSION 


Collisions are usually classificd according to whether or rm. 


kinetic energy is conserved in the collision. 


An elastic collision is that in which the momentum of the 
system as well as the kinetic energy of the system before and after 
the collision is conserved i.e remains same. 


In inelastic collision the momentum of the system before and 
after the collision changes is conserved but) the kinetic energy be 
fore and after the collision changes. 


When two smooth non-rotating spheres moving initially 
along the line joining their centres they, after having a head-on col- 
lision, move along the same-straight line without rotation. Due to 
spherical shape, the two bodies exert forces of action and reaction 
during collision along. the initial line of motion, so their final mo 
tion is along the same’straight line 


Consider two non-rotating spheres of masses M, and m 
moving initially along the line joining their centres with velocities 
U,and U; as shown in fig.3.10. U, is greater than U, so they colt 
with one another and after having an elastic collision start modi 
with velocities V, and V, respectively in the same line and i 
tion. - 


- Now momentum of the system before collision =.m,U, + ms 


Momentum of the system after collision = m,V, + mY 


so. 


or 
KE of the 
KE of the 


Ast 
also conse 


© 
g the law of conservation of momentum we bane 
m,U, +m,U, = m,V, + mV, Re) 
ANS 
NY 
m,U,-m,V, = m,V, - m,U, os 
m,(U,-V) =m, Vv, -U) 
7 T 1 
‘the system before collision = F. mU, + = mu? 


bof the system after collision ~£ + m,V,? + > mV? 


_ As the collision is elastic, so Kinetic energy of the system is 
f aserved and from’ thé above equations we have 


Now from Eq, (3.23) we have DTFU URCE 


= vy, = U+Vy-U 


Put this value of V, in eq. (3.21) we get 
a, = Ps [u, +V,- U) - u,] 


or mU,- m,V, = m,U,+ m,V, - mU,- mu, 
or m,U,—m,U, + 2m,U, = m,V, + mV, 


or (m,+mJV, = (m,- mJU, + 2m,U, 


2m 
or V = ENN 3.24 


Similarty we have from eq. 3.23 
Vv, = V,+U,-U, 


Putting this value in eq.3.21 we get 


2m 5 = 
fe r 


Thus we get the values of two unknown i.e. V, and V} 


There are some-cases of special interest. 
Casc li- If the masses of two bodies are equal, that Is m,= mam 
then equations (3.24) and (3.25) reduce to give V, = U, and V,= V, 
thus the two bodies interchange velocities after collision as show? 


= fig 3.11. Before collision After collision y__ U, 
me Va U, V,U; pi 
s aam a 
Q9- -@eQ- 4 
A i oes 5 
Fig. 3.11 Elastic coll 
tio T ee tsion between 


URS 


Pes" 


eee ei), 

: ifm, =m, =m , then the first body after collision ill Stop 
B will start moving with the velocity that A originally had as 
m in Fig. 3.12. aT 


_ collision 


V,= 0 
U,=0 


o- © o 


FE 3.12 Elastic collision between tivo bodies of equal masses when one of 
them ts initially at rest, 


Case I:- When a light Body collides with a massive body at rest, 


then U, , = O and mi<< m, ; under ‘these conditions m, is so small 


as Basted tom, that it can be neglected in eq. (3. 24) and eq. 


BE eeuen 0. Then body B will 
1 ve pple body A will bounce back with the velocity 
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Case IVi- When a very massive body collides with a light station. 
compared to m, in eq. (3.24) and (3.25). This gives v, = u, ang 
v = 2u,. Thus after the collision, there is practically no change in 
the velocity of the massive body but the lighter one bounces off in 


the forward direction with approximately twice the velocity of the 
incident body as shown in fig. 3.14 


After collision ` 
1 1 


= Se V et 2U, 
E —— 


Fig. 3.14 Elastic collision between a masswe body and alight body when 
the latter ts initially at rest 


U, Before collision V=U 
— 


“3.13 FRICTION 


The surface of a,solid is never perfectly smooth, consequent- 
ly whenever one body slides over another, there is a sort of resis- 
tance to its motion. Henceif'two bodies be in contact with each 
other and if we try to drag one of them over the other, a force is set 
up at the surface of contact, tending to resist the motion. This is 
called the force of friction between the surfaces in contact. 


i The:friction is due to the roughness of the material surfaces 
| in contact. So if the surface be perfectly smooth there is no force of 
| | friction to oppose the motion. The force of friction always acts pal 


allel to the surfaces in contact and opposite to the direction of mo 
tion. Friction is a special property of solids. When a liquid or gas 
a ous mass flows, there is something like frictional resistance 


between its various layers. This thin 2 
fluid medium is called Its viscosity. ie ope of men 


o a Ee 
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"ary body, then m,>> m, and U,= 0. Now m, can be neglected as ` 


(0) 
state 
non-ft 
} 
face, a 
at rest 
and F, 


4 
must t 


Fig; 3.15 


(i) The reaction R of the surface acting vertically upwards. In the 


state of rest the upward reaction R balances the weight mg and 
non-friction is brought into play. 


If now a small force F be applied to "G" parallel to the sur- f 
face, a resistance say f is offeredsto the motion. If this body is still 


at rest, it is in equilibrium, únder the action of 


the forces R, mg, f 
and F. 


As R is equal and opposite to mg, the force “f" in this case 
must be equal and opposite to F. 


As F is increased, f also increases. It is found that so long as 
F does not exceed a certain limit, there is no motion, f being thus 


always equal F, 
h to 


x The resistance "f" which is thus brought into play by the ex- 
i nal force "F" in a direction opposite to that of the latter is a self 
Usting force and so long as the body is at rest, the force is equal 


Pulling force. The force f is called the frictional Torce between, 
wo bodies in contact. 


friction is a self adjusting force, It does not x 
tely with the external force. a 
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Thus if the external force F ts gradually increased, the far, 
of friction reaches a maximum or limiting value which depends q 
the nature of the surfaces in contact and the magnitude of the ng, 
mal reaction between them. 


on the point of sliding and the friction then 


The body is now 
two surfaces Unde 


exerted ts called limiting friction between the 


the given normal force. If th 
the equilibrium will be lost and the body begins to move, 


‘The friction ts said to be sliding or rolling according as. one body 
slides or rolls over the other. 


Sliding friction is slightly less than the limiting friction. If, 
when the equilibrium is limiting. the normal réaction and the fric- 
tional force be compounded into a resultant single force, the ange 
which this resultant makes with the normal to the surface is called 
the angle of friction and the single force called the resultant reac 
tion. 

Friction plays a vital role in our daily life. Without friction we 
cannot walk, fix nails et Belts cling to the pulleys, drive the 
machinery because of friction. 


Friction has both advantages as well as disadvantages. Some 
times we have, to increase the friction e.g. sand is thrown on the 
uphill railway lines after rains. Similarly when the brakes of 3 
ON are applied, Its brake shoes come in contact with the 

g wheels causing an increase in friction and thus resulting’ 
the stoppage of the car 


Fig. 3.16 shows the cross section of the collar bearing " 
which the axle S of the revolving part is loosely fitted in the 


Ves rii to be able to rotate. The space between the two is well tbe 


e external force be increased further — 


BONS 


ces 
rotate 


yon ¥ 
palls 

shows 
to mo 


Towy DEER y CT Oe Tide A glade 
“furniture are provided with wheels at the ba tion, _ heavy 
‘different vertical plane. ck, which can 


In bicycles ete, the sliding friction tg re 
he with ball bearing arrangement in'which 
E palls are placed loosely in a metal case ro 
A shows a ball bearing arrangement in which 


placed by rolling frie. 
a number of hard Steel 
und the axle. Fig.3.17 
the axle S is very free 


ngle Fig. 3.16 Fig. 3.17 
lled Z 
ay When one body ts at rest in contact with another, the friction 


between them is said to be static. When it is just on the point of 
sliding over the other, the friction‘is said to be limiting, and when 
one body is actually sliding over the other, the friction is termed 
kinetic or dynamic. 


3.14 COEFFICIENT OF FRICTION :- 
The ratio of Umiting friction to the normal reaction acting be- 


me 
the tween two surfaces in contact 1s ‘called the coefficient of friction | 
fa and is usually denoted by p. | 
the 


Thus if F be the limiting friction and R the normal reaction, 


w= | oF = GR 3.26 


FLUID FRICTION 


two solids, we 


So far we were dealing with friction between 
~ Row study some thing about friction in fluids. 


3 Ps. -wasting effects of the « 
design in which the energy: the dn, me 


minimum, calculations are made and small-sea, | wt 
astructed which are tested in water tanks ang wing, | pd i : 
E u |. an 
ie 
H r 
j wd. it 15 
Si i yY comes © 
> N forces at 
! pocity ke 
5 law of Mo 
f x Fig. 3.18 w 3.15 TH 
Stokes studied the effect of viscous drag on small spheres Ah 


falling through a liquid. He found that unlike bodies falling in vac- inclined s 
uum which move with the accéletation due to gravity these spheres 


___ were found to be moving with constant velocity. : a tig 
4 R ioe 
A He observed that "these spheres experience an upward re- | Its state o 
_ tarding force F oS given by | 
i F=6 | 
“ n” 1s the coefficient of viscosity | 
"9" is the velocity of the sphere 
"r" ts the radius of the sphere. 
‘this there are two other forces acting on the spha® -3.1 


A á 


h d 
may be ratsed\more easily by pulling it along an 


inclined surface than\by Lifting:it vertically 


When we place d a L) 
as shown in Fig 3.19. it remains Test until it Is 
Its state o plies that no unbalanced force 


Sx SHCA 


2 Is represented by vector W. The inclined plane of 
which Is perpendicular to the plane and fs reprt 


If, ho 
wre 
product of | 
moves dow’ 

In th 

‘There is also the force of friction which opposes its slipping | 
and is represented by “f”. If the block moves (which will be | and | 
when frictional force ts very small), it will moves down the | 
Let us take x-axis’ parallel to the inclined plane and Y-axis 
ar to it, Now resolve the forces along these axes. The 
f rpendicular to the plane is W cos® and that | This 
sin@ as shown in Fig 3.20 (c). 
PARTICI 


Y-axis ` v xaxs 


^ f - Wsin = 0. 
“ f = Wsin : 
3 
S 
“e R- Weos® = 9 axe 2 
“e R = Weos@ 9 


i Na 
“If, however, the block does slide down with an`àcceleration a, 


will be a resultant force whose magnitude: is given by the 


of the mass of the block and the acceleration with which it 
down. 


In this case 
Wsin@ - f =ma 
W = mg we can write the above equation as 
mg sind -f = ma 
__ and if the force of friction is negligible, it becomes 


ma 


g sind 
‘This expression is independent of the mass of the block. 
ULAR CASES 


en 6 = 0, Sind = 0 and the acceleration becomes zero. 
s that the block or any other body will have zero acceler- 


zontal surface. This was the first case we discussed 


90° 
= 1andhencea= g (if there is no 


ny as . 

rest at the top of a slope 

its acceleration and speed at the 
g that friction is negligible. 


x 
4s no motion perpendicular to the plane, the 
ð must balance each other. Fig.3.21 


‘In the absence of friction, the only ‘unbalanced force acting 
ruck is W Sin@ acting along:the X-axis or parallel to the 


produces an accelerationta)and{m)be the mass of truck, 


= (0)? +2x0.2 x49 


p V 19.6 


= 4.4ms' 


ith speed of 4 x10° m/s: What is the maximum length 
electron gun? Calculate the acceleration. 


(Ans. 0.2 metres, 399 x 10°m/s* 


a traffic signal and when it tums green, 
t$ahead with a constant acceleration of 2 m/s*. 
time a bus travelling with a constant speed of 10 

kes and passes the car. 
= pm its starting point will the car overtake 


fast will th be moving ? 
E e N ane (a) 100 m (b) 20 m/s) 


- 


ascending at a rate of 12 m/s. Atah 
ul d, a package is dropped. jow long 


WOULUDE.-COM/C/IVIUUAT D-ro rR 
-4. A boy throws a ball upward from the top of a CILE with 5 
speed of 14.7 m/s. On the way down It Just misses the 
thrower and fall the ground 49 metres below. Find w ae 
long the ball rises? (11) How high it goes? (111) How long tt 4, 
in air and (iv) with what velocity it strikes the ground, 
(Ans. (i) 1.5 seconds (1) 11.025m 

(iil) 5 seconds (iv) 34.3 m/s) 


5. A helicopter weighs 3920 newtons. Calculate the force on r $ 
if it is ascending up at a rate of 2m/s?. What will be force op > 
helicopter if it is moving up with the constant speed of 4m/s, 

(Ans: (1) 4720N (11) 8920) 


—6. A bullet having a mass of 0.005 kg is moving witha speed of 

100 m/s. It penetrates Into a bag of sand andis brought to 

rest after moving 25cm into the bag. Find the déceleraung 

) force on the bullet. Also calculate the time in which it is 
brought to rest. 

(Ans:<(} LOON (u).005 seconds.) 


7. Acar weighing 9800 N {s-moving with a speed of 40 km/h, 
On the application of the brakes it comes to rest after travel- 
ling a distance of 50.métres. Calculate the average retarding 
force. 


{Ans. 1234.57 M 


8. An electron in a vacuum tube starting from rest is uniformly 
accelerated by an electric field so that it has a speed of 
ww O’m/s after covering a distance of 1.8 cm. Find the 


ce acting on the electron. Tak Jectron a8 
9.1 x 10kg. e the mass of electr: 


İz - 7 i (Ans. 9.1 x 10°N) 


Two bodies A and B are attached to the ends of a strin8 
_Which passes over a pulley, so that the two bodies hang Ve" 


94 


10. 


11. 


12. 


13, 


14, 


DETOUR 


şa g 


he 
co 


of a string Which passes over a) pulley he 
y tl at the body of mass 10.2 kg lies on a smooth 
i surface and the other body hangs vertically. 
eration of the bodies, the tension of the strin; 
he force which the surface exerts on the bod 


Y 
(Ans. 3 m/s*230.6 N, 99.96 N). 


A 100 grams bullet is fired from a 10 kg gun with a speed of 
1000 m/s. What is the speed of recoil of the gun. 


(Ans. 10 m/s). 


A50 grams bullet is fired‘into a 10 kg block that is suspend- 
ed by a long cord so that it can swing as a pendulum. If the 
1 is displaced so’that its centre of gravity rises by 10cm, 


what was the speed of the bullet? 


(Ans.281.4 m/s). 


K 
e gun fires 10 bullets per second into a target. 
bullet weighs 20 gm and had a speed of 1500 m/s. 
the force necessary to hold the gun in position. 


(Ans. 3 
oo nso s a 


fos 


m, 


15, find the distance that the car n 
19,600N and the frictional force 1s 2000N, 
(Ans: 19, 


n the Figure 3.22 find the acceleration of the masses 


= the tension in the string. & and a 
es (Ans: 0.98 m/s”, 88:2) for m 


ii 18. ‘Two blocks are connected as shown in fig.3.23. ithe pulley E 
and the planes on which the blocks are restingřare friction- 
P less, find the acceleration of the blocks and ‘the tension in 
f the string. 5 much 
(Ans: 0:437 m/s?, 223.11N) ~ richne 
19. Two blocks each weighing 196N.fest on planes as shown in a a 
) ~ fig. 3.24. If the planes and púlleys are frictionless, find the A ; 
__ acceleration and tension iní the cord. coe 


(Ans: 2.45 m/s?, 49M three 


MUVE CONV CIVIULA DTT UTONG EHS 
- CHAPTER: 4 


ig fi otion in 
Ei Two Dimension 


` Quantitative discussions of motion are based on the meas- 
urements and calculations of positions, displacements, velocities, 
and accelerations. For this, we developed the equations of motion 
for motion with constant acceleration. The discussions were con- 
fined to one dimensional motion that is, motion along a straight 
lley j Ine whether the line was vertical or horizontal. 


in If the universe were one dimensional, Physics would be 

much simpler. But that would hardly compensate for the loss of 
LN) 1 richness of phenomena which make the physical world so beautiful 
and fascinating. Majority of the most important phenomena of 
physics simply could not take plac®in an one dimensional world. 
Thus to study various physical phenomena around us, we certainly 
would take to describe motion in two dimensions and ultimately in 


three dimensions as well.\The projectile motion and circular mo- 
tion are good examples‘of motion in two dimensions which we shall 
discuss here in this chapter. 


41 PROJECTILE MOTION 


Let us-begin our Study of physics in two dimensions by con- 
Sidering the motion of a projectile. Any object that is given any ini- 
ated and which subsequently follows a path determined by 

> tational force acting on it and by the frictional resistance 
the atmosphere is called a projectile. Kicked or thrown balls, 
os animals, object thrown from a window, a missile shot 
a gun, a bomb releaséd from a bomber plane,etc., are all ex- 
tn Projectiles The path followed by a projectile is called its 
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ca 


4 


i ei downward but 
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y ly simple t 
The projectile motion {s gopor y simple to analyze ıp i 
following three assumptions are made: 
The acceleration due to gravity. E. Is constant over m 


a. 
range of motion and is directed downward. 
2. The effect of air resistance is negligible. 


l 3. The rotation of earth does not affect the motion. 


This projectile motion can be analyzed by considering motion, = 


in a plane. Usually it will be vertical plane. In that case we shi 
use x for the horizontal coordinate and y for the vertical Coorg. 
nate. It is necessary first to choose an origin, positive direction ang 
distance scales for the coordinate axes. It is convenient to measure 
both the horizontal coordinate x and the vertical coordinate y of 
the object from its starting point. Also, we choose the positive di- 
rection of x-axis toward the right and the positive of the y-axis up- 
ward. As the object always moves downward, this choice means 
that the value of y will always be negative. That is, the acceleration 
in the y direction is -g, just as in free falls and the acceleration in x 
direction is zero (because air friction is neglected). In addition to 


this. we separate the motion in two parts, the horizontal motion 


along x-axis, and the vertical motion along y-axis. We are able to 
do this because these\motions are found to be independent of one 
another. That is the vertical motion (motion in the y-direction) does 
not affect the horizontal motion (motion in the x-direction), and 
vice versa. Consequently, the x and y components of the displace- 
ment ‘vélocity of an object can be calculated exactly as before if 
the acceleration, the initial position and velocity are known. 


Suppose (I} we drop a ball from a tower, we know that the 
tha ke accelerated motion straight downward (ii) while 
iE Roroa] a also give it some initial velocity ( say Sox) ™ 

> ection, obviously the motion will no longer 
will be at some angle to the vertical: 5 
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Let 
projectile 
componen 
Fig.4.1. TI 


Fig: 4.1 If an object ts dropped and simultaneously given an initial horizontal 
velocity Voz, this horizontal velocity component remains constant while the 
vertical component increases linearly with the times Thus the motion follows 
a curved (actually, parabolic) path. 


= 
Let ðo represents the instantaneous velocity vector of the 


projectile {in this case the ball) which can be resolved into vertical 
component, 8, , and a horizontal component, x, as shown in 


Fig.4.1. Therefore, the y- component of velocity, Sy. is given by 


by = - gt 4.1 (a) 


since there is\no horizontal component of the acceleration, 
the x-component of velocity, Ùx. is simply given by its initial veloci- 
y. A 
= Vax 4.1 b) 


O 
Boon Eq 4.1 (a) and Eq 4.1{b) are summarized by the impor- 


Statement that the instantaneous velocity vector, 9 , con- 
Sists of two components which act independently. Only the vertical 
Component of motion undergoes acceleration (acceleration due to 
ey, Whereas the horizontal component of motion proceeds at 
i the constant initial velocity (0, = vox), this means that velocity 


WMPSWWWW.-YOULUDE.COM/C/IVIDUAITDYTU1 UNE 


Component increases linearly with time. Thus the motion of a pr, . oe 
Jectile follows a curved path. yor ca x 
Fig. 4.2 is à stroboscopic photograph of two balls that are a. ae ea 
lowed to drop simultaneously, one of them with horizontal Velocity able 
component. The picture shows that the vertical motions in both it $5 
the cases are Indeed identical. However, the path followed by the wo veloc! 


projected ball (i.e the ball with initial horizontal velocity, ð.) is a pyet a! 
A 


parabola as shown in Fig. 4.2. = cs all 
addition to the initial velocity, Sox . in horizontal direction: are yer 
if we also allow the vertical motion to have an initial velocity Yy , ai gu 
then the equations which govem this motion are: from 
y 


stumultaneously: the one the left 
was merely dropped while the 
other was given an initial hori- 
zontal velocity. The vertical com- 
ponents of the motion of both 
balls are exactly the same. The 


) Fig. 4.2 The two balls released 


T 


stroboscopic photograph wads Fy. 4.3 
taken with a flash interval of with res; 
1/30s. 
Th 
Horizontal motion ( x- direction } Rectan gu 
| Acceleration! a = o 4.2 (a) tical axis 
Velocity: Ò = om 4.2.0) these con 
Displacement X = ut 4.2 (c) 
Vertical motion (y- direction ) 
- Acceleration ay = -g 4.3() 
-© Veloctty ty =  Ooy-gt 430) | Seen, 
el 
Displacement Y = yt- i 4.3 (c) : 3 


pend upon a common variable, 


r called parametric equations and the 
led the parameter. 


ssary that a projectile be thrown with some Py 
the horizontal direction. A football kicked off by a 
le shot from a gun, a player making a long Jump, 
les of projectile motion. In all these cases the 
at some angle with the horizontal. As a general. case 
motion, we therefore consider the motion of Shell shot 
t angle 8 with the horizontal as shown inFig.4.3. 


Maximum height h 
at time T 


—_—____—_ 
Range R = distance 
at time 2T 


velocity ` of the shell can be resolved into two 
f components Box and voy along horizontal axis and ver- 


ectively, as shown in Fig. 4.3. The magnitudes of 
nts are given by 


= 0, cosd 4.4 (2) 
= Yo sind 4.400) 


for Yox and voy in Eq 4.2 (b) and Eq 4.3 (b) re- 
components at any instant are given by — 
= Uo cosd et 


WOULUVS.CONMICIVIUDUATDTTUIUR TOKY, 
3 f ti 
ub? 
By = voy -Et - 45 ty i F 3 
vy = Do sinô - gt 45 iy pd 
These are extremely important equations and can be useq pa ia 
evaluate the maximum height, -h . to which the projectile wil] yo? in 
and the overall range, R. of the projectile (shell in this case) along : pane! 
d ; 2 43 
the horizontal surface. = b 
4.2 MAXIMUM HEIGHT OF THE PROJECTILE Ai si 
j + ul 
The maximum height of the projectile occurs when the veo p rojes 
cal component of the velocity giver by Eq.4.5(c)reduces to-zery, 1a OF 
That is fact that 
ð = 8, sind - gt= 0 essary tor 
and the value Y then gives the maximum height, X= 
h. (Y=h) as shown in Fig. 4.3 
suppose t=T be the time when the vertical component of ve- 
locity reduces to zero as mentioned earlier. 
substituting Ùy = 0 and t =/T in Eq. 4.5 (b), we get 
Ù 
q = eee 4.6 
s subs 
where T is half of the total time elapsed between launching 
and landing of the projectile. Substituting Y = h andt =Tin Eq | 
4.3(c), we get | 
h = YyT - se 4 sube 
substituting for T from Eq. 4.6, we find 
By . 
i O= oy (22 2.) 
4 >) as 2 g j Fro 
ae 
oe |} ley! 
£ 2n g The 
= a- (9 2 
2g oy) 
: 
a 102 — 


horizontal distance from the origin (« =0,y=0) tothe 
the projectile returns (X =R, Y = 0) is called the range of 
and is represented by R, as shown in Fig.4.3, ce 


ler to find the range of the projectile we make use s the 


the total flight requires a time that is twice thetime nec- 
reach the maximum height. Therefore we set 


= R:iwhent =2T 
m Eq. 4.2 c, we find 
X = §,t 


R= 20,7 


4.9 


sug Yor Dg, ANd Day from Eq, 4.5 (a), 4.5 (b), we find 


2 
6, 
R = a sin® cos 


4.10 


: ıs the range of the projectile depends on the sq, = 
I velocity and sine of twice the projection angleg, 5 
_4 THE MAXIMUM RANGE 

The maximum range, Rmax When the fa 
Eq.4.11 is maximum that is, sin29 =1 


ee 


Peer ae mE Aie Ul i; ofa 

05 100 200 300 400 500 600 700 800 900 1000 13001400 1500 1600 1709 1800 sep 
r, (inm) w 

Fig. 4.4 

and this happens when 9 = 45°ítherefore the Eq.4.11 reduces to 


4.12 


Hence the projectile must be launched at an angle of 4° 
with the horizontal to attain maximum range. For all other angles 
greater or-smaller than 45° the range will be less than Rma ® 
egress 


4.5. PROJECTILE TRAJECTORY 


The path followed by a projectile is referred as its trajecto 
We now attempt to develop an equation which should 
the trajectory of the projectile. 


; tion 13 6 
_ The vertical displacement Y in the projectile mow” 
by Eq.4.3(c) 


| 


ne O snot. i g? 


a Also from Eq. 4.2{(c) and 4.4 (a) 
y3 y7 E. i Det 


0, Cose 


SS 
oe 

substituting for t in Eq 4.13, 
we get 

x Fi x 2 
EE oa (sexe zel 0, cose J 

l 1 3 
= Xtan6 - a8} -zX 4.15 
( 2 d cos’ 6 


For a given value of, projection angle @ and the initial velocity 
of the Projectile, the quantities Ô, 8in®, cos®@ and g are constant 


and ae wecan Jump them into another constant such that 


KA tand 4.16 
aa Ar 
ae 0, 0080 


= The Eq. 4.15 reduces to 


Y=ax -4 bx? 


are 
4 4 shows such trajectories that correspond to several angleg g \ 
10°, 30°, 45°, 60°, 80° of elevation, having same Initial 6 | 

(0, = 100ms"'), Note that ttre maximum range {s attained wheng 
= 45°. The Fig 4.4 also shows a trajectory for a projectile whose Py 
tial velocity 0,18/2 times greater than Its previous value (Le 7, 
100 ms") with the elevation angle 0 = 45°, the range Is twice the 
maximum attained by the slower projectile. 

This result is in reasonable agreement with our experience now 

throwing balls, in spite of the fact that we Ignore air resistance, N5 


The symmetry observed in Fig 4.4 for elevation angles puss 
metric about 45° ts due to the fact that 

sin { 2 (45°- %)] = Sin[2 (45° + =) ]. 

The range will be the same for any two elevation angles 
§ = 45° + « which are equal amounts greater than or less than” 


45°, as shown in Fig.4.4 for elevation angie 30° and 60° the small 
angle, of each pair produces a flattrajectory, and the large angle 
produces a high trajectory. 

The speed ò of the projectile at any instant can be calculat- 
ed from the components of the velocity at that instant 


ð = (02 #07) 4.19 
Before we solve some numerical problems on projectile mo- 


Hon, we would like to summarize what we have leamed so far, 


alr resistance is negligible, the horizontal co! 
velocity, 0,. remains constant since there ls no horizon! 
nent of acceleration (a, = ©). 

(2) The vertical component of acceleration is equal 
celeration due to gravity. gla, = -B). 
(3) the vertical component of velocity. Oy. and the on 
n y-direction, Y, are identical to those of a freety falling 
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mponent of 
tal compe” 


to the a 


T baa " 


~ 


Wyo eee = 
Joined together, a trajectory of a projectile ts formed, 
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_ (A) Projectile motion can be trea P 
p’ ted as a su 
a two motions acting in the x and y directions, per position of the 


4.6 APPLICATIONS 


Many applications of projectile motion occur 
in animals motion. Here we briefly explore some 
this subject. 


in athletics and 
further aspect of 


(1) Projectile in Athletics 5S 
Ka 
The various formulas developed for the projectile mat, can 
be directly used to analyze a tennis serve. While a play? čan deter- 
mine his or her own best serving angle by trial andérror, the pro- 
Jectile motion formulas can be used to predictæhis angle given the 
initial speed. The advice given in text book.on tennis is sometimes 
based on this type of analysis. Many athletic games such as base- 
ball, football, hockey, cricket, etc involving Projectile motion that 
thrown, kicked, or struck can be discussed using projectile motion 


formulas. 


(2) 


Horizontal jumping 


Constant acceleration formulas developed in chapter 3 can 
be used to analyze'vertical motion by animals. Similarly, to discuss 
horizontal motion’ we can use the projectile motion formula. For ex- 
ample, we can calculate the angle at which the jumper projects 
himself. The value so calculated is in close agreement with the an- 

>» à the ai 

gle seén'in photographs of competitive long jumper. Using 
initial velocity of jumper and the angle at which the jumper 

Projects himself, we can evaluate the range. 
r, _ we 
(3) Yet in an another application of projectile pyre 
know that the small angle produces flat trajectory. an Fis 
s L ds to affect the high z 
| *ngle a high trajectory. Air resistance ten 


volley ball, cricket, a 
more because it is longer. In volley sila of 


kicked from ground level with a velocity of 25 
30° to the horizontal direction. (a) when does it aia 


9 


From fig 4.5 the initial velocity has components. Ne 


y RS 


(25 ms”) (0.500) 
st height is reached 
= 0. Using Eq 4.3 (b) 


DE-CONVCIVIDCATDIT U 
f f 


1.28s are given by Eq.4,2(c) and £q.4,3(c) respective, 
xX = Dee t ý 
X = (21.7ms") (1.285) = 278m 

x = 27.8 m 


i } 
Y = Voyt - ro: gt? aN, 
z : at 1 
(12.5ms™) (1.28 s) — -z 9.8ms”) (1.28 s)? 


Y = 7.97m 


Thus the ball is 7.97m above a point onthe ground which is 
27.8m away from where it was kicked. 


Example 4.2 


A tennis ball is served horizontally from 2.4m above the 
ground at 30 ms’. (a) The net is 12m away and 0.9 m high. ‘Will be 
ball clear the net? (b) Where‘will the ball land? 

Solution 


To find the height of the ball at the nét, we must first find 
out the time required by ball to reach the net. From this we can 


then determine the height. 
Solving Eq. 4.2 (c) for t 


m 12m = OAs 
Dive 30 ms 
k = 04s 


y tis 
Substituting t = 0.4s and voy = 0, the vertical dispi 


interval, we can then find the horizontal dispiace a : 
$ 


_ Substituting Ùy = 0 in Eq 4.3 (c) 


w BPE 


‘The distance the ball-travels horizontally before it land is gv- 
Eq. 4.2 (c) & 
= (30ms") (0.7s) = 21.0m 


om a RB 


g 


ry plece is pointed upward at an angle of 35° with 
he horizontal and fires a projectile with a muzzle v 


nge is given by Eq. 4.11 
A ; 


ea — si 
= g n29 


(200ms"')" 
R = “cn * sin 70° 


R = 3835.48m 


Y 
A rifle bullet fired with the same initial conditions would not 


travel nearly this far. Because a rifle bullet has‘a much larger sur- 


face to mass ratio than does an artillery shell, air resistance effect 
is much more severe and drastically reduces the range 


Example 4.4 


A player throws a ball at an initial velocity of 36ms"'. (a) Cal- 
culate the maximum distance the ball can reach, assuming the 
ball is caught at the samevheight at which it was released. (b) If he 
“wishes to throw the ball half the maximum distance in the shortest 


ible time, compute the angle of elevation in this case. (c) What 
the elapsed times in the two cases? 


© 
E pio 
a) maximum range occurs for an elevation angle of 45° and 


maximum range can be calculated using Eq. 412 Thus — 


o/g = (36ms")* /(9.8ms") = 132m 
= 132m 


2 0, using R= 66m, 


Thus the ball thrown at 15° elevation angle will cover 
laximum range. The same range can be obtained with I 
angle of 75°, but the elapsed time will be longer PRS. ait. 
t trajectory. eS 


{c) The time elapsed in the above two cases.can be calculated 
using Eq.4.6, and doubling the result, sincethe T represents 
If of the total time elapsed between launching and landing. 

The times are 

=, 28, 20, sin 45° 

y first case OR = E 


. <2G6ms") (sin 459) / (9.8ms") 


29, sin 15°° 
ERIT: 
2(36ms") (Sin 15%) / (9.8ms) 
= 190s 


t the elapsed time in case (b) is less than half in 
the range is halved, because the trajectory * 


S, etc., are el r 
ant consider. tion of this. 
object Is\linder-going circular 

y$ Ba. 
When an object such as P in Fig:4.6 moves along a circular f 
path in such a way that its speed is . that is the i 
tude, ¥, of its velocity, ð , is constant. 
as uniform circular motion. To-descri 
tion we would like to define the followi 
(1) Angular displacement 
. (2) Angular velocity/angular frequency 
(3) Period of Gircular motion. 


` 4.6 Velocity and acceleration of a 
te in uniform circular motion 


_ as shown in Fig. 4.7. Consider further that the object initially 
the point P, on the circumference of the circle. After a 
val of time, it moves to the position P,. Evidently angle POP. or g 
represents the angular displacement of the object. The angular ma 
placement is measured in degrees. However, it is more Conventent 
to measure angles in another unit called the radian. 


The length,s, of an arc on a circle Fig. 4.7 is directly propor. 
tional to the radius,r, of the circle and to the angle @ subtended by 
the ends of the arc. One radian is defined to be the angle subteng. 
ed where the arc length .s, is exactly equal to the radius ofthe cir- 
cle. Thus straightaway we can write 


Fig: 4.7 The position of an object'moving tn circular path 
S 
GEES — 
r 


where @ 1s measured in radians. 
Also 


> a 
When @ is measured in radians, we can easily calc 
length of an arc which subtends this angle at the centre 0 
cle. For one complete-revolution, 8 = 360°, then the arc 
becomes the circumference of the circle, that is, 


S= 2rr 
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1S at 
small Inter. 


4.20 


4.21 


ulate the 
f the ci- 
length $ 


4.22 


Comparing Eq. 4.21 and Eq. 4.22, we write, x 


dians 
since 
an ab 
gles a 
pear | 
circle 


360° : 
= co = 57.2958° = 573° 


Oz A 0.0174 
1 360° 7 5 rad 


Note that the measure of an angle whethe?in degrees or ra- 
s does not have physical dimensions of léngth, mass, or time 
it is the ratio of two lengths. Although we carry the unit radi- 
abbreviated rad through our calculations to remind us that an- 
are being measured in radians, however, this unit does not ap- 
in the final answer. For example, the length of arc s on a 
circle of radius 0.15 m whichis subtended by angle 0.5 rad., then 
S = rð = (0.15 m)(0.5 rad) = 0.075 m 


__ Thus the unit rad: does not appear in the final answer 

9 E aoe 
s Suppose a body P moves counter clockwise in a circle of ra- 
s Shown in Fig. 4.8. The angular position of P is 6, ata 


= t, and at a later time t = t, its angular position Is 0, with 
to the x-axis as shown in Fig. 4.8. 


angular displacement = 0, - ©, = 48 

time interval = t= fg 
e the average angular speed of the p 
ega") in the time interval At as © 


i 


The Eq 4.25 gives the magnitude of the average angular ve- 


locity. 


The instantaneous angular speed,@,_ is defined as the limit 
- of this ratio as At oo. zero: 


lim 5 oR Ao 


Atso At ania 


426 ewes the magnitude of instantaneous angular 
gle 0 is measured in relies, the unit of angular 


per second = 1 rads! = 1s? 
d does not appear in the final answer. Other units 
ocr 
2n 
“60 


Because we know that the un 
therefore, it Is equally appropriate 
quency. 


1 = 
its is the unit p 
to refer to s ‘de 


; me value of angular 
ee adil Jines fixed in the body perpendicular ond K 


relation rotates ‘simultaneously through the same angle in th 
; e 


Direction 


Direction 
of rotation 


of rotation 
fe Y 


(b) 


Fig. 4.9 (a) For counter clockwise rotations @ ts directed out of the page. 
(b) @ is directed into the page for clockwise, 

(c) Curling the fingers of the right hand in the direction of rotation, the 

thumb points perpendicular to the disk in the direction of a. 


same time. Thus the angular velocity is characteristic of the rotat- 
ing body asa whole. By definition the angular velocity depends 
upon the>rate of change of the angular displacement, therefore in 
l /rotational motion the angular displacement rather than 
„Placement, is the basic quantity to be measured. 


The angular velocity vector, @ , is conventionally taken to be 
directed along the axis of rotation. It is directed out of the page 
Parallel to the axis of rotation, if the rotation 1s one AR 
= Shown in Fig4.9(a). If the rotation is clockwise, ee tie 
® iS directed into the page. One way of assigning l 


fingers of right 
he angular velocity vector, W, is to curl the — 


f und. the axis of rotation: in the direction of rotation, The 
~ handthumb then points in the direcuon of @ as shown in gaa 
Ae 


4.10 ANGULAR ACCELERATION | / 


When the angular velocity changes with respect to time l 
angular acceleration is produced. That ís, the rate of change Bs 
gular velocity with respect to time defines angular acceleration, a | 

4 y 


Let w, and w, be the magnitudes of instantaneous anga? 
velocities at time t, and t, respectively. We define the average Sy er 0 
gular acceleration œ (the Greek letter alpha) as 


w, o Aw 


e At 4.27 (a) ik 
Oy = aS 4.27 (b) | G 
He 
and the instantaneous angular.acceleration as the limit of between 
this ratio as ât—°0 the objec 
x object. Ir 
i. = a 7 a 4.28 that whe 
object me 
The S.I units of angular acceleration is radian per second per 
second or rad. s°, along 
The angular acceleration vector a points along the.axis of 10 dicular to 
tation ands/either parallel or opposite to the vector T . For exam’ Su; 
ple. if we increase the rate of rotation of a disc (that, more revolu- ât Using }) 
tions/rotation per second) then the angular acceleration vector, % l 
is directed parallel to the angular velocity vector, @ . shown 9 n = 
4.10 (a). If we decrease the rotation rate (less number of revo! A div, 
tions/rotation per. second) then the angular acceleration vector i Which Pots 
is directed opposite to the angular velocity vector. T. as noma 49 
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dial Acceleration 
lsoshown, a, 


#11 RELATION BETWEEN ANGULAR 
AND LINEAR QUANTITIES. 


object moves in a circle whose centre is on the axis of rotation. 


Consider avparticle P in an object (in x-y plane) rotating 
along a circular path of radius r about an axis through 0, perpen- 
dicular to the Plane of the figure (the z-axis) as shown in Fig 4.11. 
Suppose the particle P rotates through an angle 49, in a time 


At USE Eq. 4.20, we find 


"A9 = 4s Á 4.29 


tion in 
dividing both sides of Eq.4.29 by At- the time duratio 
; ` Totation occurred, we get t 

(a) 
08 i As Me ae 


aa = 
ât F ât p 


ARVERE 


v 
y x 
4.11 Rotation of a particle an.axis through Ò 
a ithe plari ofthe ure the ave N Note be 
Protates tral circle of radius r centered at 0. wh 


iin? 


48 
j at 
i lf the time interval At is very small (At >0) then the angle 
art which the particle P moves is also very small and therefore 
o 2 gives the instantaneous angular speed, w, 325 before, 
when At is very small(At +0), As is very small, and thea 


UN linear speed, 9. Therefore the Eq. 430 
> written oa 
AG 4.31 


a = ee zig 


As 
oa = * 4.30 b) 


ere Far teerae ay 


ny 
ma 
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4.12 TANGENTIAL VELocrry 


The distance As is traversed along an are of i 
followed by the particle P as it rotates durin the circular path 
must be the linear velocity of the particle vies the time 4t. Thus 4 
locity that Is tangent to the circular path an ah OM Re Re 
Due to this reason the linear velocity ts often referred Be Fig 4.10, 
gential velocity of a particle moving along a circular oe ae 
written as Eo 

> > > Ve 

o xr x 

0 4-33ha) 

The tangential velocity 9, of a particle movie d i 
path is given by the product of the distance of thè®particle from the 
axis of rotation and the angular velocity. 

The Eq 4.33 (a) gives an important result that every point on 

the rotating object has same angular velocity whereas the linear 
velocity/tangential velocity is not sarne for every point on the rotat- 
ing object. The Eq.4.33(a) also shows that the tangential velocity of 
a point on the rotating object.increases as we move outward from 
the centre of rotation i.e,-as r increases. Eq.4.33(a) has been de- 
rived using the equation which defines radian, hence the equation 
is valid only when.the angular speed, w, of the rotating object is 
measured in radians per unit time. Other measures of the angular 
speed, œ, such’ as revolutions per second or degrees per second 
cannot be used. 


c [Suppose an object rotating about a fixed axts, changes its 
velocity by Ac in a time At. Then the change in tangential 
Velocity, Að, at the end of this interval is z 


j 4.33 b) 
49, = r åo 
dividing both sides by At, we get 
sat A oi 
at = hag 0 
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all” nS 
as tangential and the definition of tr 
1 acceleration, we write 


the tangential acceleration of a point on a ro 
et of the distance of the point from the axis o Ra 


} angular acceleration. Re 
) THE PERIOD se 

‘The time required for one complete revelistdon or cycle of the 
on is called time period. The period 1s denoted by T. We know 
er the angular velocity, the -shorter the time required 


a revolution or vice versa, hus the angular speed, a | 
time period, T, are inversely related. Therefore | 


Sree TERE REM 


2 2r Det 4368 
T aT f i 


era accenenario 


REA EG 


ose a moves without: acceleration. This means ] 
se eh in the velocity of the object. In other words mak 
ection of the velocity vector remain constant: Gef 
re is any change in the velocity vector. then 
on. The change in the velocity 
in its magnitude or change in its CHS" 
that ts occurring for an object mo“ 

ith const nt speed. Thus, an object n 
o aae is continually 
he accel n vector in U 


Lene: 
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called centripetal acceleration, a”. 


Some times the centripetal acceleration, a’ 1s denoted bya, 
indicating that this acceleration acts perpendicular to the path. We 
shall now show that the magnitude, a, of aAa 
tion, a’, is Ee and ts directi Ree : 

= on ts always toward the centre of the 
circle. 


In order to calculate the magnitude, a,» of the centripetal ac- 
celeration, a_, we must first find the velocity difference, AO for two 
successive positions of an object moving along a circular path, say 
at time t = t, and t = t,. Suppose the object takes a time At = t, -t, 
to go from position 1 to position 2,.as shown in Fig 4.12 (a). 


Let at time t, the velocity, vector of the moving object be 0,. At 


time t, the motion has progressed by an angle A9 and the velocity 
vector at position 2 is 5, as shown in Fig 4.12(a). For uniform dr- 


cular motion ĝ= 6, =i} but the velocity vectors 3, and ò, are difer- 
ent. Thus 


Add, - 6, 4.37 
is solely due to the different di- 
If there is no 
e vector differ- 


The vector difference, 5o 
rections of the velocity vectors at the two positions. 
change in the-direction of the velocity vectors.then th 
ence, Að , vanishes. The vector difference between two velocity vec- 


tor = = in Fig 4.12(0). as 
is sketched in vector diagram as in Fig Z and 3, isthe 


Note the angle A@ between the velocity vector 9) 2 and A are 


same as A9 in Fig 4.12(a), since the velocity vector? % i j 
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dicular to radius lines at position 1 ioe 
ely. It follows from geometry that the triangle 
radial lines and ds (Fig 4. :12(a) Jis sae ee 
by the vectors d. 8, and Ad (Fig 4.12) ), since both are 
triangles, and the angles A@ are the Same. Hence, 
As J 
= 4.38 (a) 
TAS 
a 4.38 6) 


Where 4s is straight tine distance between the position 1 and 
2 as shots in Fig 4.12 (a). Dividing both sides of 


) by At, we find 


Eq. 4.41 gives the magnitude of the centripetal 


In Fig 4.12 (b) when At is very smal} (At. ©), As and 40 
also very small. In this situation, the d will be parallel to 8, p 
the vector ao’ will be approximately perpendicular to them, poi 
ing toward the centre of the circle. Since the direction of the 
eration vector, å% is same as the direction of Ad, the vector: ‘ac al- 
ways points toward the centre of the circle. < 


From Eq 4.32 


2 
= ro) 


c 


4.42 


a= — 


In order t to understand the difference between t the centripetal 
acceleration, ag ani and the tangential acceleration, ap we consider. 
an object moving in a circular path. If the object is moving, it al- 
ways has €entripetal component of acceleration, because the direc- 


tion fitravel of the object and hence the direction ofits velocity is- 
object is increasing or 


aad changing. If the speed of the 
g (the speed is not constant or motion is not uniform) it 
also has a tangential component of acceleration. That is, the tan- 


ential component of acceleration arises when the speed of the ob- 
Ject ís changed; the centripetal component of acceleration arises 
When both components 


when the direction of motion is changed. 
acceleration exist simultaneously, the tangential 
125 


acceleration always directed toward the centre of the So 
as shown in Fig 4.13 (a). The centripetal acceleration, g o Path 
tangential acceleration, a; , are also represented by S d the 
respectively, since the former acts perpendicular to the ia E à 
ous velocity and the latter acts along the direction of the 

These two components of acceleration are perpendicular hji 
other, then total acceleration, a’, by using vector dia N 
4.13 [b), is given by man Pe 


— -> ad > 
a = ata 43 
The magnitude, a, of the total acceleration, a , Is 
4 2 2 
a = a, ta 444 
The direction of a’ with respect to a. is 
given by 
$= tan’ =) 445 
a, 


where & and a, represent magnitude of the tangential and 
the centripetal acceleration respectively. 


z% ; 
: A 
Ny ac 
} 
Fig. 4.13 {a) D E oa | 
Alternatively, Fig 4.14 shows the three vectors ere 
representing position vector, velocity vector and centripe pao be 
ation vector respectively for the same instant, all — Jar 


entre of the circle. The velocity vector 0", 1s always P° 
126 
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_ Component ts tangent to the circular path whereas the . 


; Fy 
eed ts constant or not. In oth g 4. perenni 


wheth Er words 4 
“ies $ c = 
ed that the velocity vector, 0, leads the position T: oe 


NZ 


Fy: 4.14 


. The direction of the centripetal acceleration vectors Perpendicular 
to the velocity vector, 3, that is, the acceleration vector a’, leads 
the velocity vector, ð’. by 90°. Thus the\centripetal acceleration 
vector, a,. leads the position vector, T; by 180°, exactly in an oppo- 
site direction -of the Position vector’as drawn in Fig 4.14. Because 
the position vector, r , is directed\away from the centre of the cir- 
cular path, therefore, the centripetal acceleration vector, a.,is al- 
ways directed toward the centre of the circulation path. The magni- 
tude of these vectors’ are constant in time; but the vectors : 
themselves are certainly not, only their directions are constantly 
changing 
4.15 CENTRIPETAL FORCE 

Consider a ball of mass 'm' tied to a string of length r is be- 
ing whirled with a constant speed in a circular orbit as shown in 
ald We know the velocity vector, Ò, changes its direction 


= 


ð 


9.4.15 A ball of mass m 
rotating tn a circular orbit. 


_ According to first law of motion the inertia of ball i 
nai tain motion in straight line path; however, the strin. 
allow this to happen by exerting a force on the ball su Mas. | 
ball follow its circular path. This force (the force of te: se | 
rected along the length of the string toward the centre ot pis. 
as shown in the Fi ig (4.13). This force is called centa i BÈ: 
represented by F i i Rag 
{ 
Using second law of motion, we calculate the maga 
E, 


of centripetal force E 8 


Rama, 

9? 

substituting a, = — 
: r 


mv 
g= 
21 
E = a = mro? 
The centripetal force, vector, F. acts toward the centre of cir- 
cular path along which tke object moves. In the absence of such a 
force, the object will nolonger move in its circular path; instead tt 


would move along astraight line path tangent to the circle. 
rm centrifugal force - 


Some readers may be familiar with the te 
or centrifugal acceleration, such a force or acceleration only oc- 
curs the observer is in a rotating frame of reference. that is, 
the observer is accelerating. If we restrict our discussion to observ" 

" ~ er “at rest" or “moving with a uniform velocity”, we shall never & 


= counter centrifugal force. 


i Example 4.5 
A car traveling at a constan 

„of radius 100 m. What is its acceleration? 
- = = = i 


t speed of 72 km/h 


72000m 
3600s = 20ms 


v? . 
E = Ronso 
= 4.0m 
Na 
SS 
tant is perpendicular to the ve- 
e centre.of the circle, 


The direction of a2 at each ins 
locity vector and directed toward th 


Example 4.6 


A 200 gram ball is tied to the-énd of a cord and whirled ina 
horizontal circle of radius 0.6 m.-If the ball makes five complete 
revolutions in 2s, determine the ball's linear speed, its centripetal 
acceleration, and the centripetal force. 


Solution 
The ball makes five revolutions in 2s, traveling a distance of 
2nr in each revolution 


G 2 
Time for one revolution T = == 0.4s 


om linear speed of the ball is 


7 0.6m = 148m5 


, the centripetal acceleration and centripetal for. 
e mass Is 80 kg when resting on the ground at the 


radius of earth R is 6.4 x 10° m. 


to rotation of the earth, the man at equator moves 
e radius is equal to the radius of the earth, 
e rotation in about 24h; hence, his speed is given by 


> 


Qnv 2x (6.4 x 10m) _ 1S ms 


T F 24 (60) (60)}5 


Py (465ms')” 
= 


6.4 x 10m 


The centripetal force Is 
= (80 kg.13.37 x 10° ms) 


293.37 x 10 ms” 


: “and Angular motion. 


a‘an object is constrained to rotate about an axis fixed 
angular ‘variables 0, w and a are related to each 


same way as are the variables, 3.0 and a for motion 


line, as shown In Table 4.1. 


bend 
acceleration, Œ. * 
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these equations, one direction along the 
positive and the other as negative, 9, o 


negative. 


rotation axis ts ta ; 
and a can be positive or 
Table 4,1 


Linear motion 


Rotational Motion 
Constant linear 
acceleration, œ SP 


l. A rescue helicopter drops a package of emergency ration 
toa stranded party on the ground. If the helicopter is 
traveling™horizontally at 40 m/s at a height of 100 m 
above the ground, (a) where does the package strike the 


o the point at which it was released? (b) 


ground relative t 
ent of the 


What are the horizontal and vertical compon 
velocity of the package just before it hits the ground ? 


(Ans: (a) 180 m (b) 40 m/s, ~44-1 m/s) 


ground at an angle of 20° to 


2. A long-jumper leaves the 
of 11 m/s 


the horizontal and at a speed 
he jump ? What is the 

sume the motion of the long Jumpai is 
j (ans: (a) 7.94 m (b) 


DEVUMU VUCALI DITO Doo ddid 


s is thrown u; from the top of A 
‘an angle of 30 to the horizontal and with aang a “ 
of 20 m/s. If the height of building js 45 i 
Calculate the total time the stone in flight (b) ™.( aj 
the speed of stone just before it strikes the What 


8. 
Where does the stone strike the ground ? ground? (e) : 


(Ans: (a) t = 4.22 s (b) V = 35 8m/ 
-8 m/s 


(c) 73.0 m from the base of building) 
s 


A 9. 
4. A ball is ‘thrown.in horizontal direction from a height Y 

of 10 m with a velocity of 21 m/s (a) How far will it hit 

the ground from its initial position on the ground? and 


with what velocity ? 1€ 


(Ans;{30 m, 25.2 m/s) 


5. A rocket is launched at an angle of 53° to the horizontal 
with an initial speed of 100°m/s. It moves along its ini- 
tial line of motion with an‘acceleration of 30 m/s? for 3s. 
At this time the engine’ fails and the rocket proceeds to 
move as a free body. Find (a) the maximum altitude 
reached by the-rocket (b) its total time of flight, and (o) 
its horizontal range. 


$ 


x? ` (ans: (a) 1.52 x 10° m (b) 36.1 s (c) 4.05 km) 


Y 

6. A diver leaps from a tower with an initial horizontal ve 

ty component of 7 m/s and upward velocity compo” 
nent of 3 m/s. Find the component of her position 
velocity after 1 second 
--68m/9) 
parey 
pall at 


(Ans: Vx = 7 m/s,Vy 


standing 10 m from a building can Just 
5 je roof 12 m above him when he throws ĉ 
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the optimum angle with i j 
respect to th 
initial velocity component of the 8 Bound. Find the 


(Ans: Vox = 6.41 m/s, v. 


oy = 15.3 m/s) 
et 1s fred at a ground ievel taret 
distance with an Initial velocity of 90 m/s. vae AA 


launch angle ? 


y 9. What ts the take off speed of a locust if tts aunchange 
i is 55° and its range Is 0.8m ? 


(Ans: 2.9 m/s) 


10. Acar is travelling on a flat circular tra¢k of radius 200 m 
at 20m" and has a centripetal acceleration a. = 4.5m 
s“ (a) If the mass of the car 151000 kg, what frictional 
force is required to provide) the acceleration? (b) If the 
coefficient of static friction’, is 0.8, what is the maxi- 
mum speed at which the car can circle the track? 


(Ans: (a) 4500 N, (b) 39.6 m/s) 


11. The turntabie’of a record player rotates initially at a rate 

of 33 rev/min and takes 20 s to come torest (a) What 

Is the angular acceleration of the tumtable, assuming 

the ‘acceleration is constant? (b) How many rotation 

_dots the turntable make before coming to rest? (c) If the 

radius of the turntable is 0.14 m, what is the initial line- 

ar speed of a bug riding on the rim? (d) What is the mag- 

nitude of the tangential acceleration of the bug at time 
tz o? 


(Ans: (a) - 0.173 rad/s" (b) 5.5 rev 
| (c) 0.484 m/s td) 0.0242 . 


Dene: (a) 6.25 m/s" (b) 3.35 m/s*(c) 7.09 
£ 

O38 

ye 

Se 


> #2 
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Chapter: 5 


Torque Angular 


Momentum and Equilibrium 


In earlier chapters, we have discussed the linear and angular 
motions of bodies in detail. In our daily life, we come acroe# vart- 
ous types of motion, for example the motion of a traim'from one 
station to an other, the motion of a car along a road,:the motion of 
a ceiling fan, the whirling of a stone which is tied\to one end ofa 
string, the other end being held in the hand, etc/The above motion 
can be divided into two groups (i) translatory‘motion and (il) rotatory 
motion. 


The motion of the train and the car belongs to the first group 
(translatory motion) whereas the motion of the fan and the stone 
belongs to the second group {rotatory motion). 


Even a common man can differentiate these two types of mo- 
tion according to his‘ability. As a student of Physics one can difine 
these motion as follows: 


Translatory motion:- Consider a frame of reference (©, yz) 
which is iniagined to be rigidly fixed to an object. For an observer 
the méfion of the object is said to be purely translatory if the axes 
ofthe frame of reference of the object remains always parallel to 
the corresponding axes of observer's frame of reference (x y. 2 @ 
a translatory motion the object may not be necessarily on 
along a straight line. Fig.5.1, shows translational nn e 
Ject moving from A to B and C. Observe that throughout © 
tion every point of the object undergoes same dis 


m 
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$ Rotatory motion:- A body (a rigid body) is said to possess a 
f purely rotatory motion if every constituent particle of the body 
moves in a circle, the centres of which‘are on a straight line called 
i the axis of rotation This motion is of two kinds (i) spin motion and 


> (ii) orbital motion. 


p Before we define arid give some examples of spin and orbital 
_ motions,we first define the axis of rotation. 

By the frotation, we mean the line about which a body 
rotates. If the line (the axis of rotation) passes through the body it- 
self the corresponding motion is called the spin motion. Every 
point epee object moves along an arc of a circle in @ 
small of time and the centres of all these circles lie aloné® 
straight line. This straight line is called the axis of rotation. Hower" 

the axis of rotation does not pass through the body: We 
rotatory motion as the orbital motion. 
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por of spin motion. Rotation of fly wheel at f 
e of spin motion. A rotating top Sin axle is another 


of spin motion. If you happen to visit a Non-electrip, Village n 
Id see that sugar-cane crushing machine js nat cane 
by a bullock that moves in a circul s 


ar path around the 
llock is an orbital motion. The 


machine and is perpendicular 
n of planets round the sunys 


This motion of the camel or the bu 
axis of rotation passes through the 
to the plane of rotation. The motio 
also an orbital motion. In this example the axis of rotation pee 
through the centre of the sun. The motion of electrons round the 
nucleus ís an example of orbital motion. Here the axis-of rotation 
passes through the centre of the atom. 


5.1 TORQUE 


Consider a particle of mass 'm' which is acted upon by a 
force F . Letr be the position vector of thé Particle. This is also the 
position vector of the point of application of the force. We can re- 
solve this force into two rectangular components (i) Fy and i) F, 
The component Facts in thedirection of r whereas F, acts in a 
direction perpendicular to fas shown in the Fig.5.2. 


Y 


ath ? 
F about the centre 'O' is defined as 


l - Fsin0 ' 
. 9 is the smaller angle between the positiv y 
[ i e directio 
Le. 0 £27- 8 i 
vector notation, Eq. 5.1 can be re-written as 
= _ 
tc. rx F 6 
:2) S 


t 
The torque vector T r 
which is the vector product of r and FE 


ected along the normal to the plane defined by T and F <The 


of ¢’can also be given by the right hand rule. Rightshang 
of right hand towards rand curl them from 


n of the thumb will give the direction ol Tx 


ectio 


qule:- Point your fingers 
Fto F. Then the directio. 
— 

E ` 

We can represent the torque vector 7 in the determinant 


form as shown below : 
ijk 
Eear = |x ¥ 2 (5.3) 
E RE 


the unit vectors pointing in the positive 
pectively. The elements x, y 
nt are the components off 
ass 'm' whereas K, § 
e F respectively. 


Here i,j andk are 
directions of the axes ofk, y and z res 
and z as they appear in the determina 
They are also the coordinates of the point m 
and Ę are thea, y. and z components of the forc 


Arrangement of the factors on the right-hand side of 
Eq.5.1 gives 
z = (F) {rsin®) 
of action 


Here ‘rsin@' is the perpendicular distance of the line 


of the force ¥ from the centre of r 


ine segment OA in the Fig.5.1. his perpendicular OS yy 
‘called the moment arm of the force. Thus the 5 tude Oo 
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otation. It is represented - 


A Magnitude of torque = (magnitude Of force) “ 
This means the ane = 
greater the force, the larger will be torque 
and larger the moment arm the Sreater will be the se 
therefore, easier to rotate a body by applying a given for tied k 
line of action is at a greater distance (moment arm) pesse S 


- of the rotation than when it acts closer to the body. In a 

case when the line of action passes through the centre of rotation, 
the body stops to rotate because the moment arm is yero. Thus a 
tangential push on the rim of a wheel will cause a rotation, while a 
similar push along the axle of the wheel is unable to produce any 


such rotation. In Fig 5.3 a wheel rotates’about an axis passing 
; ; 


A 


Fig. 5.3 The Turning effect ofa force 


ts greater, the farther ts the line of 
action of the force from the axis of 


rotation. 


through its centré<'O'. The turing effect on the wheel has been 
-shown by applying a force at different points on the wheel. 


A body can rotate clockwise or counter-clockwise. As a con- 
vention, counter-clockwise rotation is taken as positive while a 
clockivise rotation as negative. Hence a torque which produces a 

ter-clockwise rotation is considered to be positive and that 
producing a clockwise rotation is taken as negative. 


Two forces which are equal in magnitude but opposite in p 
rection and not acting along the same line constitute a couple 
Shown in Fig.5.4. The forces constituting the couple are represent- Er 
edbyF’and-F'. ga. 
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an forces equal in magnitude but Opposite in dire 
ing along the same line constitute a couple, eS) F 
-F acting 


a couple composed of two forces F 
and 'B' poea as shown in one 5.4. ae 


where | r, is the position vector ofthe point A. The moment of 
ce - F about the same poigť is 


{tion vector of the point B. The total mo- 
given as 


= Where @ is the angle between A and -F Itis 
pig5-4 that rsin@ is the perpendicular distance hee from 
een ‘heilacg 


y: 


of action of the forces F and fF. Let us d 


enoti = 
ıd' (d=rsin9). The Eq.5.5 takes the form.. aes 


T = (F) (d) = Fd 


The perpendicular distance 'q' 


is called N 
the couple. Consequently. momentai 


Magnitude of the moment of a couplé = 
i Magnitude of any of the forces forming the couple x 
Area of the couple. 


As r is the displacement-yector from F to F, it is indepen- 
dent of the location of origin; Hence the moment of a given couple 
is independent of the location of origin. 


5.2 CENTRE OF MASS 


In translational motion each point on a body undergoes the 
same displacement as any other point as time goes on, so that mo- 
tion of one particle represents the motion of the whole body. But 
even when a body rotates or vibrates as it moves, there is one point 

body, called the centre of mass, that moves in the same way 

t a single particle would move under the influence of the same 
external forces. 


The centre of mass of a body or a system of parti 


defined to be a point which moves as if the total i 
Or the system of particles were concentrated er 

forces were acting at that point. This eaii PRG 

the motion of the whole system or the bos oe 


we assume that these forces were acting at 
ass which is the geometrical centre of the block a.. 
total mass is supposed to be concentrated. We then, i 
of these forces and apply Newton's second law of mo- 
determine the acceleration and hence the velocity ire the 
of mass at any instant of time by using initial condition y 
. The motion of the block is same as the motion of the 

of mass. í 


The centre of mass is often confused with the centre of gravi- 
y. The two terms are so similar in many respects that one can use 
_ the two terms interchangeably. The centre of gravity of an extended 
object coincides with its centre of mass if the Object is in a com- 
pletely uniform gravitational field. If this is not the case the centre 
of gravity does not coincide with the centre of mass. 


Let X26 Ue and z, be the.coordinates of the centre of mass, 
then in a completely Senn gravitational field, these are given by 
Lm Xi 


an Em; 


i Imp Yi 
E S =m 
a0 


I 


i Ñ ma 
an ao Emi 
‘ 


Where x,. Y, » % are the coordinates of the particle of mass mi: 


Example 5.1 
ia Locate the centre of mass of four particles which 
ae corners of a square of sides 2m each as sh 


pad 


m; = lkg m, = 4kg 


tion: This is a two dimentional proble: 
we take the two adjacent sides of DKS 


the coordinate axes. Let x, and ede’ the x and y coord 
; of the centre of mass then 


Zs 
My X; + M2 X2 + Mg Xs + M4 Xq 


my + Mg + Ms + Me 


1x0 + 2x0 + 3x2 4 4x2 
142+344 


my + mg + Mg + M4 


0 + 2x2 + 3x2 + 4x0 


IUM AND CONDITIONS OF EQUILIBR 

s said to be in equilibrium if tt ts at rest ji Is 
m velocity. A body at rest fs sald to be in Static , 
jum, while a body in uniform motion along a Stralght 

| to be in dynamic equilibrium. In both the cases the wa 
, possess any acceleration neither linear nor angular, aa 
he bodies in equilibrium do not possess any acceleration, 


(A) Static equilibrium 
A book lying on a horizontal table ts in static equilibrium, 


Building and bridges are also in static equilibrium. There are many 
more examples of static equilibrium around us. 


(B) Dynamic equilibrium 


Consider a vertically downward motion of a small steel ball 
through a viscous liquid like mustard oil contained in a vertical 
tube which is clamped with a stand. The ball is dropped gently into 


the oil. Initially the ball has accelerated motion. But after covering 5.4 
a certain distance it attainsa uniform vertical velocity. This unl 
form vertical motion of:the steel ball is an example of dynamic res 
equilibrium. In this\example the force of gravity acting vertically fer 
downward on the‘ball is counter balanced by the viscous force act- 
ing vertically upward on it. Hence a net external force acting on the 7 
ball is zero. AS a result of this the ball acquires uniform vertical 
motion” 
Another example of dynamic equilibrium can be present: a 
ed by considering the Jumping of a paratrooper from an nelicoptet 
"In this case the force of gravity acts on the paratrooper in â 
‘cally downward direction whereas the reaction of air on the ee 
acts in the vertically upward direction. These two a z 
h other as shown in Fig. 5.6. Thus the net force 3° 3 rh 


SYOULUDE.COMICIVIUUCAT DTT OT OUNCE eae 
tem (the parachute and th, 
sys © Paratroope ) 


ves downward wi ‘ is 
system mo’ tha uniform Velocity, zero, Hence the 


Fig. 5.6 After a parachute opens and 
Jalls'a-certain distance, it anal 
downward therea; 

SAE after with a uniform 


5.4 FIRST CONDITION OF- EQUILIBRIUM 


The condition states that a body will be in equilibrium if the 
resultant of all the forces acting on it is zero. This condition is re- 
ferred to as the first\condition of equilibrium. 


Let E. 5 seeseey E be the n external forces acting on a body. 
The first condition of equilibrium states that 


R +E +... E =0 5.7 (a) 
ten 
Using the summation sign, the above Eq 5.7 can be writ 


as 
5.700) 


no 
2 F =0 
te] 

x-y plane, then 
If we restrict to forces in one plane, 53y. heni 


Riek j= Fit Fog ttF hi Fy + Fay 


‘Equating the x and y components of the forces - on both the 


PESE 
QS 


=F, = 0 
and — 
ZF, = 0 


One important point to be noted hereds that all the compo- 
‘nent forces should be written with their Proper sign. 


Let 6,, 6,,.... , On be the angles which the forces Ẹ > ge F 
@ 2 y 7 è 
_ make with x-axis respectively as shown in Fig. 5.7 


X 


n 
= > Fj sin 0, = 0 
Jel l 


sions T, and T, in the two strings. ‘Take the 


20kg 


Solution: 


_ Since the block 48a Xe rest, we will apply the first condition of 
ibrium to Gate T, and T,. As shown in the force diagram 


are three gees acting on the block. They are 
A T, acting along the string Ay 


Á The first condition of equilibrium for the y-compo a Wine 


vagal 
Ka 
T, sin 30° + T, sin 60°- w = 0 < SS 
1 3 K 
T, r AY 
T, + y3 T,= 2w 
T + y3 x y3 TG 
4T, = 2w 


_ w, p ZOkg x 98m/s _ 
= DY 2 = 98N 
solving for T,. we get 
“a = 98/3N = 169.74N 


5.5 SECOND CONDITION OF EQUILIBRIUM 
Earlier we have studied that whenever, a net torque acts on 
, rotation is produced in it.The body is said to in rotational 


um, if the vector sum of the torques acting on it is zero 


7 APUA are the torques on the body, then 


< 


a oe = = > 
Bg, 4%, + T,...0-- #0, 0 


two conditions of equilibrium written together are 


af eo If =o ZFy = 0 


gs s 
A 15m ladder weighing 600N rests against a smooth w. 
= point 12m above the ground. The centre of gravity of the ladder is 
‘one third the way up. A man weighing 400N climbs halfway up the 
ladder. Assuming that the wall is smooth, find the reaction of the 
ground and the wall. 


Solution: 
By the term smooth we mean that there ts nio friction and that the 
reaction of the wall on the ladder ts perpendicular to the wall. Here 
we isolate the ladder as the body ander consideration. The forces 
acting on the ladder are shown‘ in Fig.5.9 (b). The weight W of the 


ladder acts vertically downward at the point C so that m AC =} 


mAB. The weight W of (he'man acls vertically downward al the mid 
point D of the ladder and F the reaction force of the wall acts 
perpendicular tothe wall. The unknown force of reaction of the 
ground on the ladder ts represented in terms of its horizontal and 
vertical cufrponent H and V respectively. From the geometry of the 


Fig, sO we get 
q mAF = 9m,mAk = 3mandmAJ = 4.5m 
et Applying the first condition of equilibrium to the ladder we 
3 theo 
E H-F = 0 x 5.10(a) 


Haf 


= 0 5.100) 


TUE CONTUVIDUAT Dr OUTO 


oa On 
a | -v-600- 400 = 0 
© y= 1000N 
To write the torque equation we choose 
the point A where the unknown force abe axis passing 
of reaction acts. By doing so the ated th unknown di- 
ppear in this equation. Swn force will not 
Now taking the moment abo SV 
ut the point A we get be: 
It = 0 es 
F x (mAG) - wx(mAK) - wx (mAT) =0 
or Fx 12 - 600x 3 - 400 x 4.5 = 0 
12 F - 1800 - 1800 = 0 
12 F = 3600 
F = 300N 
Since H=F 
^ H=300N 


B 


es see 


j KJ 
(a) Fig 5.9 Vv") 


The magnitude of the force of reaction of the ground Is R. 


R = yr + y? 
= y (300)* + (1000)? 
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cylinder of weight W and radius R Is to be agn toa 

t'h' as shown in Fig. 5.10. A rope is ed around 

Jinder and pulled horizontally. Assuming that the cylinder 

not slip on the step, find the minimum force F necessary to 
the cylinder and the reaction force at the’point P. 

Solution: 

_ When the cylinder is just ready to be raised, the reaction 

at Q goes to zero. Hence only three forces are acting on the 

der as shown in Fig.5-:10(b). From the dotted triangle d drawn in 


the point P is giver by 


x S 
d= A (R- hy) = /2Rh-h 
mA 


> 


|e moment arm of F relative to the same point is 2R. 
net torque acting on the cylinder about the point Pis 


- F (2R-h). 


the system is at rest, we apply the second condition of 


is the second condition of equilibrium fs s 
agnitude of F . We can determine the reaction force | 
g the first condition of equilibrium, Thus we have 


ee =o 
orF-Ncos6 = 0 


F= Ncos@ 
and LF =0 
Nsin@ - W = Ó 
Nsin6 = W 


From these equations we,can easily get 


w > z 
(0 tand = —~ and (i) N = IN I = yF +w 
As an example if we take W = 500N, h = 0.3m 

~N 


and Rzőm, then 
res ~» 
F$385 N, 0 = 52.4° and IN | = 631 N 


o 


his problem can also be solved by. noting that since only 
ees act on the body, they must be concurrent. Hence Lr 
on force N’ must pass through the point C where F and W ag 
t. The three forces from the sides-of the triangle as 

O(c). Expressions (i) and (ii) are obtained dit 


io hg 


g. 5.10. (a) A asa ster of weight W pulled by a force F 
a step. 
The ree body diagram of the cylinder 


when it is just ready to be raised. 
(9 The vector sum of the three forces ts E 


5.6 LOCATION OF AXIS 4, 


We will now show that if a body ism translational equilibri- 
um and the net torque is zero about a given point, it must be zero 
at any other point. 


In order to prove the above statement, we consider a simple 
example of a uniform bar,of length 'I' resting on two pegs at its _ 
ends as shown in the Fig.5.11. The bar is in equilibrium under the 
action of three forces that is the weight of the bar W and the forc- 

es and Fo exerfed by the pegs in the upward direction as shown 
in the figure. Ee . 
Ap ig the first condition of equilibrium we get 


L RE =0 (No forces acting along horizontal) 


E> Ę=0 


of 
yw we take the moment about an axis pane 
g to the right of 'O' at a distance x from it. 


; Now the sum of the moments of all the three forces © - 


l 

Eeer, (E -x -Fli +x+Wa x Sa 
l v 

-R-P -R-R-ome 

since F - Ę& = 0 and Ẹ + & - 5y. 


N 


rt=0 
= which proves the statement. We.are thus independent in choosing 
| the axis about which the moment is to be taken. This is an impor- 
tant result because this provides a suitable choice for the location 
of the axis. By this we. {Mean that one should try to select such an 

axis for which 
(i) The unknown forces, if any, may be inactive while taking 
moment; This is possible only if the moment arms of these forc- 


@ The forces involved may be minimum in number soasto 


Aa 
locity and angular m 
is associated with angular 
in rotatory motion angular momentum 

etely analogous to that played by linear m, 
y motion. Angular momentum, like linear 
law of conservation. ; g 
rder to have a tangible concept of angular entum, 
discuss the angular momentum of a partic! sider a 


mom 


of mass 'm'. Let r be its position vector ang be the line- 


Z > 
L 


S>) 
| 5.12 Illustratin ae of the angular momentum ri ofa particle 
t the origin o, wiht ter xP we see that the vector Ù ts perpendicular 
plane Alia andp’. 


measured in an inertial frame of reference with on 
wn in Fig. 5.12. The angular momentum of the parti- 
‘O' is defined as the vector product of Fa 
angular momentum, then 


= rxmd 


l al=(9 (p) sin 


re rand p represent magnitude of P and p’r 
l =mòr sin í 
here © is the angle between F and p’, In 
are perpendicular to each other, so thé measure of 6 is § 
sin90 = 1 g . 


ITI =l=() ip) () = 


If x,y,z a the comporents of F and Px + Py + Pz are 
ponents of p then using the definition of vector produ wel 4a 


j 


Pee 


i xi+ yj+ zk) x (pi + pyJ+ p,k) 


pvp m)! + (zp - xp) J + Gp 700% 


above expression for T can be written in er 


SUMT 


In the system international (SI), the unit op ath is the me- 
the unit of mass ts the kilogram (kg) and. ‘the unit of time is 
second (s). Hence the units of angular momentum are 


tm) (kg) kgm 
s F s? 


x dm) 9 
= (N) (m) (s) 
= Js 


Thus the units. oftangular momentum in the S I system are 
2-SECOrd (Js). 
< 


ple 5. = 
E 


ticle of mass 400 gram rotates in a circular orbit of ra- P 


tude of the angular momentum T n. Using Eq, (5.12) then 


l= mdrsind 


= mr Sing 
Where 
=ru 


m = 400gm = 0.4kg 
r = 20cm = 02 metre 
o 


6 = 90 


l= 0.4 X 0.2) x wsin 90° 


40.4 x0.04 xo x1 
= 0.0160 


Butw= 2nf 
Where 


f = no of revolutions/sec = 1.5 rev /sec 
l = 0.016 x2x x15 


— - iso 


ime rate of change of its linear momentum, : 
ce and P: for the lincar momentum, then 


ing the vector product of both the aa the above 


r from the left we get i “YY 
Ka) 
dp’ >) 3 
dt 5.15 


But by definition F x F is thétorque acting on the particle. 


Also by definition, the angular momentum is 


Hating the above equation with respect to time, 


Since the vector product of a vector with Itself is oa 
=- -= 
v xve=0) 9 
v 
& Y 
K 
This is the required relation. Thi€equation States that the 


torque acting on a particle is the time Yate of change of its angular 
momentum. ) 


5.16 


If the net extemal torqac-acting on the Particle is zene) then 
Eq. 5.16, reduccs to, 
-> 


5.17 


5.18 


Th ìc angular miomeritum of a particle is conserved (con- 
aged net torque acting on it is zero. 


¢ Xhe conservation law obtained for single particle Eq.(5.18) 
n be extended to demonstrate conservation law for the angular ia 
of a system of particles. 


jder a system of n particles which is acted upon 


3 | Where E and Blare the external force and the extemal 
re respectively -aéting on the ith particle. 
torque T acting on the system is zero, then 
momentum ; -(Eq. 5.19) is given by 


() You might-have seen a figure skater under going a spin 
motion in the Nale of an act. We assume that there Is no friction 
between the<skater and the ice and hence there are no external 
torques aéting on the skater. Thus the angular momentum I @of the 

ich is the product of moment of inertia, I, of the skater and 
lar velocity, w, of the’skater, is constant, since the moment 


tion of mass, the skater cam 


inertia depends on the distribu 
his or her hands 


decrease his or her moment of inertia by pulling 
_ and feet close to the body. As a result the a 


herefore, the angular momentum about 
ust be constant. Thus when divers ang figu 

vle their angular velocity of their Spin motion 
their moment of inertia to the half its E 
hands and feet close to their bodies. 


questions 


ll in the blanks with appropriate we 


The physical quantity which-tends to rotate a body is 
called .... 


q i) In the system international, the units of torque are 

Conventionally-the torque, producing clock wise rotation 
is taken as Jeet 

The angular momentum of a body is conserved if the 

net ..,.0n it is zero. 


ithe net torque on a body is zero, it is said to beinu < 
equilibrium. -H 


Two forces which cannot be replaced by a § 
alent force are said to form a ..... ad 


Edas the time rate of change of 2 


(©) 


The magnitude and direction of angular 
i x depend on the choice of origin, 

Ww A particle moving along a line that passes through the 
; origin has zero angular moment about that origin. _ 


W) The angular momentum of a body which is under me 
action of central forces is constant. 


(vi) The directton of angular velocity Is bala be the 
same as that of angular momentum. aN 


(vii) The torque due to action - reaction force is not zero. 
(mu) Angular acceleration is in the same direction as the 
angular velocity if the latter is detreasing with time. 


(i) An electron of an atom possesses only orbital angular 
momentum. : 


(x) The orbitat angular‘momentum of a body is its angu- 
lar momentum About an axis passing through the 


body itself. 
fd) The centre.of mass of a body coincides with its centre 
of grayity irrespective of its mass and size. 


(C) Tick ( J the correct answer. 

E (9: Torque is defined as 

4 x (a) time rate of change of angular momentum. 

va RY - (b) time rate of change of linear momentum. 

i = (0) time rate of change of angular velocity. 
(i) The vector quantity torque 

(a) depends on the choice of origin. 

does not depend on the chotce of origin. 


ate Re TS, Ms 


Į a i 


) the magnitude of a perks obtained in the shoal 
=) tier: 


(c) neither the direction nor the magnitude 

(v) Two forces which form a couple Y 
(a) can be replaced by a single equivalent, fore. 
(b) cannot be replaced by a single equivalent force, 
(c) are perpendicular to each other, 

(vi) The direction of torque is 


(a) the same as the direction of the corresponding applied 
force. 


(b) opposite to the direction of the applied force. 

(c) perpendicular to\the direction of the applied force. 
(vil) The centre of mass of a system of particles 

(a) coinci es always with the centre of gravity. 

(b) nev incides with the centre of gravity. 


(©) cides with the centre of gravity only in a uniform — 
__4 Sravitational field. 


Is it possible to calculate the torque acting on rigid 

without specifying the axis ? 

€ independent of location of axis ? 
£ > > ey 

è expression for torque T = r xF’, ist e 

t arm? Explain. 


A particle moves in a stra 

the torque actin 1 pei at 
thatthe net force 

linear velocity is constant? Explain Ñ) ude noL 

D> 

Suppose that the velocity of a particle ts 

Specified. What can you say á5øut the direction of its 

angular momentum vector with respect to the direction 

of motion? 

Why is it easier to keep-your balance on a moving bicy- 

cle than on a bicycléat rest? 


(10) A projectile is fired into air and suddenly explodes into 


several fragments. What can be said about the motion of 
the fragments after explosion? 


Problems: > 

1 Logate the centre of mass of a system of particles each 

oot mass 'm', arranged to correspond in position to the 
six corner of a regular (planar) hexagon. 


A 
ag 


& (Ans) Centre of the hexagon 


-..-.- ts- 


-“e-- 


—-@----._ 


è M ' and al sN 
5 h from base along the tine Perpenc 
base and passing through Peak 


i 390 times the earth's ; 
= and the mean distance from the centre of the sun 

centre of the earth is 1.496 x 10° km. Treating th N 
and sun as particles with each mass concentrateq = 
respective geometric centre, how far from 
the sun is the C.M (centre of mass) of the eatth-sun 


tem? Compare this distance with the meån radius of the 
sun (6.9960 x 10°km) 


(Ans. 4.54.10" km; 6.48 oh, | 
A particle with mass 4 kg moves along the x-axis with a 


velocity v = 15 t m/sec, where t = 0 is the instant that 
the particle is at the origin 


(a) At t = 2sec, what isthe angular momentum of the 
Particle about a point P located on the + y-axis, 6m 
from the origin? (b) What torque about P acts on the 
pa ticle? Q- 


nN 


5 (Ans. (a) 720 kg m/sec; (b) 360 Nam). 
eA particle of mass 'm' is located at the vector position T 
an a linear momentum vector p. The vectors T 
@-p are non zero. If the particle moves only in the x, 
PPan » prove that ~ 
Lx = L= Qand L, +0 
light rigid rod 1 m in length rotates in the xy 
A t a pivot through the rod’s centre. Two parti 
} 2kg and 3kg are connected to its ends. 


ab 


a 


Pe 


dder with a uniform density and a mads st a 
nst a frictionless vertical wall at an 


ion (static) is 0.40. A student witha mass (M = 2m) 
attempts to climb the ladder. What fraction of the length 
1’ of the ladder will the studentthave reached when the 
ladder begins to slip? ) 


\ 


(Ans. 0.789) 


), A particle of mass Q®kg moves in the xy-plane. At the 
T instant its coordiyates are (2,4) m, its velocity is (3i + 4)) 
| m/sec. At this-{nstant determine the angular momen- 


») tum of the particle relative to the origin. 


(Ans. -1.2k J.S) 


horizontal beam of length 8 m and weighing 
is pivoted at the wall with its far end supported by 


a cable that makes an angle of 53° with the horizontal. 


fa person weighing GOON stands 2m from the wall, find) 
the tension and the reaction force at the pivot. 


tension = 313N 

reaction force = 581N 

angle made by the reaction force with t 
horizontal 

71.1° 


f 


hta 


INTRODUCTION 


All of Isaac Newton's efforts in mechanics were focu | 
toward the explanation of the motions of the planets around Pal | 
and of the moon round the earth. In 1666, Newton prontipted a 
simple observation (fall of an apple toward the earth) conclu ia 
that the force that caused an apple to fall to the ground and the 
force that kept the moon in its orbit around the‘earth were only dif. 
ferent manifestation of one universal force called force of Gravita- 
tion. From the above assumptions, Newton made the hypothesis 
that every body in the universe exerts-a'gravitational force on every 

other body. This gravitational forces responsible for the motion of 
the planets around the sun, themotion of falling bodies towards 


earth, etc. 
6.1 NEWTON'S LAW-OF UNIVERSAL GRAVITATION 


In order to explain the gravitational force Newton formulated 


` the law of universal gravitation as under: 


Newton began on the basis of approximation that the moon's 
orbit is circular, he then calculated centripetal acceleration of the 
mooh}am, about the earth applying Huygen's formula for centrip 
tal acceleration in the form 


= Vv es 6.1 | 
ac =z = = r : 
e circle 
Where Î is a unit vector directed from the centre i | 
The minus sie 


to the instantaneous location of the moving body. 
7’ is inward It 
in the equation specifies that the direction of a¢ 
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magr 


tu 


J 


Consequently, we can rewrite the above equati Na 
magnitude of the centripetal acceleration of the moon 9 k 


2 
4n N 
y 
K 


where 


5 } 
Rm = 3.84 x 10 km and_represents the distance from the 
centre of the earth to the centre of the moon and called orbit radi- 


us of the moon. 


T = 27.3 days = 2,36)x 10°s and represents the time taken by 
the moon to complete‘one revolution around the earth. 


Substituting the values of Rn and T in Eq. 6.1(c), the magni- 


tude of the centripetal acceleration of the moon is found to be 


A ea 6.2 
a = 2.72 x10 ms 


“a 
othe magnitude of the centripe 
n by Eq.6.2 provided the basis for the mathematical formula- 


tion of the law of universal gravitation. If the centripetal accelera- 
tion is a gravitational acceleration, the apple would also og e 


acceleration of magnitude a, = 2-72 * 10 ms. PF 
placed at a distance of R = 3-84 X 10m ial 


tal acceleration of the moon 


away == the earth. Moon and lappe have same acceleration when at 
_ the same distance. 


know that near the surface of the carth ah object falling free- 
— eae of 9.8 ms' the value ofa, isthen 


2 4/(60) that of the acceleration due to gravity 
98 mēat ve s e of the earth. 


= (6.38% 10" km? 
(3.84 x 10° km)? 


gravitational ncoalenitigalee the moor 
is the gravitational acceleration) falling in its 
that the acceleration of the moon because of the gray 
e exerted on the moon by the earth, depends inversely a 

e of the distance from the centre of the pie the a 
the mean. To make the law a truly universal law of eet 1 
must apply to any pair of bodies A and B and not just o 
and the apple, or the earth and the moon. 


The magnitude Fon a by n of the gravitation: ‘9 we Abya €x- 


ay on body A due to the presence of the cow B Is given In the 
form 


F, bya % : 
ae FT á 
om BA oY b 


> ` 
Where FfomBtoa describes ‘the position of body A with re- 
spect to another body B as shown ‘in Fig. 6.2 
The magnitude, F,, 4 by B,9f the gravitational force RS AtyB 
must also be Proportiong! to the mass mą of the body on which it 
is acting, 


Ors by B = 
Fona by B 


d è B 
p 
m 
ES Bet ae 
I From BtoA 


Fig: 6.2 gravitational force between mg and mg 


‘ ' ality Eq. 6.7 can therefore be written aeii 
Fonabys % My, 7 
proportionalities are taken together 


Fonabys ° M4 Mg 


_ Combining Eq. 6.6 & Eq. 6.9, we get 


FonAbyB o m, Mg A (trom B to a)? 


When written in form of an equation 


m, Mg 


Pato G 6.10 


2 
(from Bto al 2 


Eq. 6.10 gives the magnitude of the gravitational force and 
a universal gravitational constant (G= 6.673 x10" N- m?/kg) 


The equation 6.l0cčan be expressed in vector form which 
hen gives the direction-as well as magnitude. As shown in Fig. 6.2. 
force exerted onbody A by body B is always directed toward 

B and atlag the line joining their centres and vice versa. 

ent vector r from B to A is directed from the body 


+ d 
FonatyB =~Fonatya 


- as shown in Fig. (6.2) 


_ These two gravitational forces constitute an action "reaction pair 
_ in accordance with Newton's third law. R 
We may substitute shorthand notation for the subscripts 
such that ae, 
ead => bii 
(i) F, from A to B 7 Fas 


N 
— ~ 
(U) Fiomans= Fpa 
-+ > à 
Ber Awa = Tea, 
-> KS 
(tv) Thom A toB =r, ‘AB 


consequ; . we rewrite Eq. 6.10, Eq. 6.11 (a) and Eq. 6.11 


b) in the.form™ 
» orm 


nee rahe 
| and Eq, (6.12) define 


portional to the square of the dis 2 
i I directed along the line joining their cen 


; ment were made by Poynting and Boys. The present accepte 
of the universal gravitational constant G was obtained 
_and P, Chizano Wski at the U.S National Bureau of a 


-ll 
G =6673x10 N m/kg xo 


Example: 6.1 
Compute the gravitational force of attraction between 
balls each weighing 5kg, when placed at a distance of 0.33 
apart. i 
mm 


r 


~H 
6.673x10 N m’/kg’x 5kg x 5kg 
xs (0.33m)? 


of the earth. I Mig 1a the eae 
pe eee of the gravitational fo 


Reg . 
G 
Since Rg = 6.38 x10° m, 
Therefore 


g = 9.8ms? andó = 6.67 x10" N-m? kg? 


wm. a Stns *) x (6. 38410m}? 
= oe 

© 6.67x 10" (Nem? kg?) 

= 5.98 x 10 kg 


The average dengity or mass per unit volume, p, of the Earth 


is given by 


eS 
g S 


Where T is period of revolution of earth around sun. (365.30 | 


arth for two reasons. First, g 
y its rotation. The earth Is not a perfect s ; 
equator. Therefore if a body is taken from a p 
its distance from the centre of the earth will 
tly, in accordance with Newton's law of gravitation, the 
onal pull on it will also à 
—— ji 5 
(a) Now let us consider the variation of g when a moves 
"distance upward or downward from the earth's surf ce; Let g be 
‘ the value of acceleration due to gravity at the suria f the earth 
and g at a height h above the surface of the f the earth be 
considered as a sphere of homogeneous composition, then ‘g at 
any point above its surface will vary inversely as the square of the 
"distance from that point to its centre. From Eq 6.15 we found that 
gis given by NO) 
g=- a e8 


Similarly, the value of g'at a distance (Rg + h) as shown in 
Fig. 6.3 is given by ©” 


+ ` gc 
E oer h)? 


grcore 


is stnall as compared to.Rg, the radius 
4 a h, 


g. Altitude 
(metre / sec’) (metres) 


32 x 10° 
100 x 10° 4 
500 x 10? 


1000x 10° 


3800 x 10° 


‘From Eq.6.18, the value of g at the surface is given by wr 
. Mz G 


Putting the value of Mẹ in the above equation Y get 
X€ Py 
~ C 


4n 3 CS 
g siti Rg P G we 


L 42 Rep G 
Sar 6.23 (b) 


At depth d the value of Acceleration due to gravity is equal to 


e= 6.24 (a) 
Putting thé value of Mg in the above equation we get 


a? 


6.4 Variation of ‘9’ due to depth. 


r A 
‘It can be observed from both the cases that acceleration due 
gravity decreases at a faster rate for a points above the surface 
th than for the same points below the surface of the earth. 


‘The variation of 'g' in the earth's interior is shown in table 


Table 6.2 


Ra Depth, g pP 
nistre / sec’) ae 
) a 988 | 


tor is the direction of the gı ional to 
e centre of the earth. The magnitude of the v 
ressed in the units of force, such as newton. Á 


4 

If an observer, stationed in a certain frame of references al- 

lows a body to fall, the body will fall with a certain ac i 
However, if we apply a suitable force, we can prevent m accel- 
erating. This force is a measure of the weight in e of refer- 


ence of the observer. Thus we can define that weight of a body ina 
certain frame of reference is equal and oppésite to the force re- 


quired to prevent it from accelerating from rést in that frame of ref- 
erence. NY 


A force is measured by the agceleration, it imparts to a mass 
m. When a body of mass m is allowed to fall freely, its acceleration 
due to gravity is g and the-force acting on it, is its weight W. Ac- 
cording to Newton's second/law of motion force is given by 


F= ma 


Replacin, E by 'W' and ‘a’ by 'g', in the above equation, we 


TON 


“The weight of a body is not a fixed quantity. It depends upon 
thé@location, as well as upon the motion of the frame of reference. 
e value of g i.e. the acceleration due to gravity, varies from place 


L 


but its mass will remain the same, provided the \ 
is negligibly small as compared to the velocity oi 


umstances, the earth's g 
tripetal force resulting into 
understand the weightlessness in Satellites, 
ple case of the weight of a body in an elevator, 


Fig:6.5 A body suspended 
in an elevalor. 


pose that a block is suspended from a spring balance by means of 
_ 4 thread attached to the‘ceiling of the elevator. Fig 6.5 
f (a) When the levator is at rest, the force along the thread is 
equal and opposite to the force of gravity experienced by the block 
and this reps ts true weight of the block. I.e. F = mg l 
7 
d (b; en the elevator ts ascending with an acceleration a i 
_ relatiye‘to the earth, then the equation of motion will be a 


aw, 


= -> 
Fy - mg =m? 


„p ~ En 
Fy = mg +ma 


t and the body feels “heavier”. 
: descending with the sa 


(d) Suppose, if the cable Supporting the elevator an 
“elevator will fall down with an acceleration equal to g. ret for: 
as TA fe 

mg-mg [- a =g'] 


= 0 


Consequently, the spring balance will read zero and the 
man in the elevator will find that the block has no weight besides 
the fact that the force of gravity still acts upon the block and its — 
weight w is given by mg’. This is referred as the state of “weight- 
lessness". 


Our discussion of apparent weight can also be applied to the 
phenomenon of, weightlessness" in satellites. Bodies in an orbiting 
Satellite are not weightless; the earth’s gravitational attraction 


aA on them just as though they were at rest relative 
. But a space vehicle in orbit has an acceleration a) to 


ds mie earth’s centre die to the value of the acceleragon 


l on. Thus a body d 
l relative to it, and it appears to 


CIAL GRAVITY 


A 


1 the preceding section, we have seen that all orbiting gpa, 
along with astronaut and other objects are in the state ¢ 
, and consequently will be in the state of weightlessness 
htlessness in space crafts or satellites is highly inconvenient ! 
astronaut in many ways. For example, he cannot r liquid 
to a cup, neither can he drink from it. If the spate craft is a 
ce laboratory intended to stay in space for a long period of time, 
_ the weightlessness may be a severe handicap ‘to the astronaut in 
Performing experiments. In order to overcome this problem an arti- 
f ficial gravity can be created in the space craft, by spinning it 
= around its own axis. Fig 6.6 


B So that normal force of gravity can be supplied to the occu- 
pa nts in the spacecraft. 


_ Consider a spacecraft consisting of two chambers connected 
a tunnel of length.20 metres. Let us see how many revolutions 
space craft make in order to supply artificial 


the-astronauts. Let T be the time for one revolution and 
frequency of rotation, than vt = 1 
The magnitude of centripetal acceleration in this case is 8% 


1 9.8ms 


^ ys — 


2r 10m 
= 0.158 rev/s 
v = 9.5 revolutions/minute 


Thus the astronaut should feel comfortable in space craft 


spinning at 9.5 revolution/minute at a distance of 10m away from 
the axis of rotation as shown in Fig, (6.6). 


axis of 
rotation 


Fig: 6.6 Rotating spaceship supplies 


“artificial” gravity for the passengers. 


Their apparent weight is the sume as on 
h. 


Every body in the universe repels every other 
a force which is inversely proportional to the prog with 


uct of 
their masses. 
The force of gravitational attraction is directly proport. 
onal to the square of the distance between two bodies, 
The force with which the earth-repels a body on its as 
face towards its centre is equal to its weight. aS 


The value of g increases with the increase of tha di 
tance of the body from the centre of earth. 


e. Gravitational force is of a very large-order of about 6.67 


x 10"! Nm7/kg". 


f. ifthe cable carrying the elevator breaks, the elevator will 
go up with an acceleration equal to g. | 


2 Fill in the blanks | 


(a) The moon revolyes“around the earth due to the presence 
Of erreeeee between the earth and moon. 


(b) The force of attraction acts along the .... joining the two 
interapiing bodies. y | 


(C) The pull of the earth on any body above the surface of 
A e earth ........ as the distance from the centre of the 
$ the carth decreases. 


= (d) The value of g is .... of the mass of the falling body t0 
T wards the earth. 


| Artificial gravity can be supplied by .... the spac? crat 
‘So that normal force of gravity can be supplied to t° ù 


(0) piat vas sro ean ate otila i 


(i) average density of earth K circular motion 
(iii) mass of earth. 


DA 


If we go away from the surface of the earth a distance 
equal to the radius of‘earth the value of g will become: 


(i) one fourth (U) one eighth (i) one ninth 
(e) Weight of a body is : 

(i) vector (u) scalar (iii) rotational quantity 
QUESTIONS 


L Beet and explain the Newton's Universal Law of Gravi- 


“ “tation. 


4 


ey 2. Once value of G has been measured in the laboratory, r. 


how it can be used to determine the mass of the eart 
Explain. 
La How one can determine the mass of Moon? 


Bs e value of gvari AA 
e- What is the effect of de 


1. A 10 kg mass is at a distance of ] m from a 109 
mass. Find the gravitational force of attraction when aS 


(a) 10 kg mass exerts force on the 100 kg mass ne 
b) 100 kg mass exerts force on the 10 kg masss ~ 


(Ans. 6.67 x 10°N in both cases 


> Compute gravitational acceleration at the Surface of the 
Planet Jupiter which has a diameter as 11 times as 
compared with that of the earthand a Mass equal to 

318 times that of earth. 
(Ans. 2.63 times that of earth) 


3. The mass of the planet Jupiter is 1.9 x 107” kg and that 
of the sun is 2.0 x-10” kg. If the average distance be- 
tween them is 7.8.x 10''m, find the gravitational force of 
the sun on Jupiter. 

(Ans. 1.613 m7s°: 69.8) 


4. The radius of the moon is 27% of the earth's radius and 
its‘mass is 1.2% of the earth's mass. Find the accelera- 
_tion due to gravity on the surface of the moon. How 
K “much will a 424N body weight there? 
A (Ans. .1.613m/s? : 69.8 N) 
5. What is the value of the gravitauonal acceleration at 4 
distance of i 
li) earth's radius above the earth's surface? 


(ii) Twice earth's radius above the earth's surface. 4 
(Ans. 2.45 m/s’, 1.09 m/s j 


je the gravitational attraction be 
students of mass 80 and 50 


apart from each other. Is this force Ottis, 
» about? 


(Ans: ser edn nobita 


= " Determine the gravitational attraction between the pro- | 

ton and the electron in a hydrogen atom) assuming that 
the electron describes a circular orbit with a radius of 
0.53 x 10 m (mass of proton = AGT x 1027 kg 


mass of electron= $ 9.1 x 10°! kg) 


(Ans. 3.62 x 10N) 


A woman with a mass.of 45 kg is standing on a scale in 
an elevator. The elevator accelerates upward with a con- 
stant acceleration of 1.2 m/s’. What is the woman's 
weight as measured by her in the elevator. 


(Ans: 495N) 


WORK AND ENERGY 


In chapter 3 you have studied Newton's laws of motion We 
can use these laws to write an equation for the acceleration of any body 
acted upon by any force. In addition in this we have techniques for 
finding the solution to that equation. The solution determine how the 
body moves when it has started in a particular manner. Thus the motion 


Of almost any mechanical system can be studied by direct application of 
Newton's laws. 


In practice, however, it is often miuch easier to study the me- 
chanical problems by using other relations. A very important set of 

- such relations involves a quantitý called energy. However, it is im- 
portant to realize that these energy relations are not independent 
of Newton's laws and,therefore, do not involve any new physical 
principle. In fact these energy relations re-express Newton's laws in 
a form which provides us much simpler analysis of a complex 
problem (problem involving a variable forces, such as gravitational 
forces between\bodies) than the direct application of Newton's laws. 


Energy is the most important physical concept which is 
studied in all sciences. It is not a simple concept. We cannot define 
what energy is, yet we know what it can do, clear understanding of 
energy and its application was realized in 1847 when a German 
physicist Hermon Von Helmholtz enunciated the general law re- 

-garding the energy. Since then the consideration-of energy in phys- 


ical and biological processes has been a crucial ingredient in the 
effort to understand natural phenomena. 


i O å å 
192 


Ar y. we shall define power to characterize t 2 
or transfering energy in or out of a system. 


able 7.1 Range of energies found in universe 


Quasar explosion x 
K 
cx 


< 
Supernova explosion 


Sun'soutput in 1 year 
Rotational energy of earth 
Earth's annual energy from sun 
Severe earthquake 


H.bombs 
First atomic bomb 


Rocket launch 
Lethal dose of x-radiation 
Rifle bullet 


MEV OL Ue. 


Fig. 7.1 ' 


3 
The work done by a constant\force, F . is defined as the | 
_product of the component of the force in the direction of displace. | 


ment. S. and the magnitude of the displacement. Using Fig 7.1, we | 
can express work done by the force analytically as i 


W = FScos@ =% {F cos8) S ma 
$ N 
Where AN . i 


x ~ 
F- represents the magnitude of the vector F 


S -<Yepresents the magnitude of the vector S 
om 


V- is angle between F ands . 
2” Alternatively, the Eq. 7.1 can be written as 


W = F(S cos8) 


9 is the component of displacement in the 
1s also the product of the magnitude of f 


| 1a) and 9.7.10) suggest thar 
9 different ways: Either we muluply ue r 3 
e and the component of displacement in the direction £ 
ce or we muluply the magnitude of the dis S 
component of the force in the direction of the displacement. = 
two methods always produce the same result, iii 


In defining work, we have used two vector quantities, name- 
ly, the force acting on the body and the displacement of the p. 
We now attempt to show that work fs a scalar quantity. 


In chapter 2, we have defined the scal 
tors A and B as 
c=a. b 
where ¢ Is a scalar quantity which is given by 
c = abcosd 


Here @ Is angle between two vectors a and b . Applying the above 
definition of scalar product in this\case, we immediately write 
Ws F ed 
Where W (work done by the force) Is a scalar quantity by def- 
inition and is given by the product of the magnitude of the one vec- 
tor by the component öf the second vector in the direction of the 
first vector. That. Is; 
W = Fd cos@ 
which fs Uy the same as before. 
exac ly the 


Work is an algebraic quantity. It can be positive or negative 
Ing on the value of angle between force, F, and displace- 


d 
g 5 , We have the following important cases: 


When the component of the force Is in the same be 
tion of the displacement (0 +0}. the work is positive. por 
example, when a spring Is stretched, the vok 

the stretching force is positive; when a body ts I! te 
work done by the lifting force Is positive. — 


force on the body being lifted is negative, sj Pa 


- ward) displacement is opposite. to the (down (up, 


tational force. Bray. 


(iui) When the force acts at right angles to the disp 


(@ = 90°), the work is zero, i.e. the force does no 
duce work. For example, itis considered "hard a: i 


hold a heavy stone stationary at stretched hand, but SS 


work is done in the technical sense. If a person Walks 
along a level surface while carrying a box, no work 
done, because the force has no component.in the pe 
tion of the motion. When a body slides along a surface 
the work done by the normal force acting on the body is 
zero. Also when a body moves iná circular path, the 
work done by the centripetal force on the body ts zero 
because the centripetal force‘is-always at-right angles to 
the direction in which the:body is moving. 


Units of work 


Work is a scalar quantity, and its unit is the unit of force 
multiplied by the unit of distance. In SI unit, the unit of work ts 1 
newton- metre (1 N-m).‘Another name for N-m is the Joule (J). 


lJoule =] newton) (metre) 
1J =DN-m 
1055 Joule = 1Britfsh Thermal Unit 


—— S 


(ev). 


40555 = 1BTU 


In the physics of molecules, 
a much smaller unit is used. This unit is named, 


Commonly, used multiples of the electron volt are 
1 Million électroi Volt = 1MeV = 10° eV 
1 Billion electron Volt = 1BeV = 10! eV 


atoms and elementary particles: 


Lev = 1.60x10 J 


the electron volts 


Ef 


7.2 WORK DONE AGAINST GRAVITA 
We know that the force with which ý í 
wards its centre Is called gravitational oroe which w aa by pa 


weight of the body i.e mg; where m is the Ste 
the acceleration due to gravity, K body and g is 


The gravitational force can do positive or negative .\ 
` When the body moves in the direction ofthe gravitational fe 


Consider a ball of mass m, which is initially at a height h; 
from the surface of the earth. The ball is moving upward and final- 
ly it reaches a height hf. measured from the surface of the earth 
as shown In Fig. 7.2. During its upward motion, the only force act- 
ing on the body is the gravitational which is its weight mg. Here we 


ve 


ibe 
° ae 1 | 
i i 
PQ: 7.2 np, pn 


assume that there is no force of friction. The aspec of the 
ty is clearly the - hy)=h. Hence the work done is given by 


W=-F 5 = Fscosd = Fhe hj) c0s0 
= Fhcos@ - 


UIVIDCAT DTT 
tr w 

r mgh l-1) _ [V F= mg, cos 180° = -1) 
w= mgh ` ; 
This is the work done against the gravitational 4 
negative sign indicates that the force and displacements The 


sitely directed. In this particular example one should note A 
work done depends on the initial and the final positions = 


the 
‘But this result is quite general and ts valid for any path ii C 


sarily straight up) joining the same initial and final positions 


This work done is stored in the body in the form of its Poten 

tial Energy. Thus i 
P.E = mgh 

In the above expression for work against- the gravitational 
force, only the difference of heights, between-the two positions, ap- 
pears. Hence it is not necessary to measure the vertical heights 
from the surface of the earth. The reference level may be chosen 
arbitrarily. We may take the initial, position of the ball as the zero 
level to measure the height of the final position with respect to this 
zero level. 


Consider a ball ofmass m in our hand and take it to a height 
h measured from thè surface of the earth. The initial position of 
the ball is A and its final position is B. (as shown in Fig. 7.3). There 
may be several paths through which the ball can be taken from po- 


sition A to,position B. In Fig. 7.3, we have shown a few of them. 
“a B 
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[i 

1 

i 

ewe oo ne oe = = 


BAR 


SESE 


DE.COMIVCIVIVDCATDITOUTe 


work done In moving the ball from 
any of the paths js the same and jg t T 
work Ee Th moving A body tn a gravitationas feta ig A a 
depends only u 
of the paths and Y upon the initial 
heights) of the ball. MTE M 
To prove this statement, we consider a closed 
e in the gravitational field and show that the work Soak n byi 
rying a body along this path is zero. For the sake of sienpliealy a 
take a triangular path ABCA in which the base BC is perpendiénia; 
to the gravitational field as showmin Fig. (7.4). The amount of work 


A 


Position A to 
equal an 


a 
v 
ay 


(0) D B 
7.4 = 
Fig. S, 
done in carrying the bodyfrom A to B. B to C and from C to A are 
represented by W4 .g:Wg-ç and Wo, respectively. Thus 


= (F) (S,cosa) = (mg) (h) = mgh 


> SS 


Eo] 
a 


Wa-p = 
~ = 
Wpac-= F.S, = (F) (S,cosgq) = (mg) (S, x 0) = 0 


Wé-a= F.S, = (F) (S, cos (180-B) = (mg (-S,cosB) = -mgh. 


S where h = mAD 
Total work done along the closed path ABCA 
` = mgh +0 -mgh = 0 À 
We now divide the whole path into two parts, one from A to 
B, B to C and the other from C to A 
4 Wa-p-c + Wc-a 


z0 
Wa-p-c-, = 


the path ABC, the work done is give sal “Ee 
nfinite number of paths going from A to C, but 
ng any path is the same. Such a type of field of fo 
e work is independent of the path is called a conse. 
. Thus gravitational field 15 a conservative field. 


POWER © 


7 . y 

d From the practical point of view, it is interesting to know not 
‘only the work done by a force on an object but also the rate at 

_ which the work is being done. 


A We define: power as the rate of) doing work.When an 
amount of work AW is done in time At, the average power, Pay, Is 


defined as 
g AW 


1 ares 73 


5: In the above expression if At_,o, then limiting value of rv 
fs called the instantaneas power at time t. The Eq. 7.3 is witten 
T as j 

Íy ia EA aaa n 
In the International system of units, S I, the unit of work is 1 
4 that of time is 1 second..So the corresponding unit of | 
1 Joule/sec, which is called 1 watt (W) 


1¥, = 1 kg m?/s* 


anog 


“åA & d r cc 


| express Work as the product | 
watt-hour is originated from this , 
watt-hour is defined as the work is ob 


done i 
ki: at the constant Fate of 1 iew that is 1000 joan? vm 
d. Since 1 hour=3600 seconds, so 


Merg 1 kilowatt hour (1 kWh) 


=1000 x 3600 joules= 3.6 x10* 
We can obtain an alternative expression for power, a 
equation (7.3) 


> = 
Pav = os ES oO 


At t Ng 
Ws 
If W is the work done when a constant force, F, of magni- 
tude F points in the direction of the displacement, S. (8 = 


cos0=1), then 


res ; 
: FS s 
a a e e 7.5 


Here Pay is the average power and Way is the average speed. 


Work done by a variable force 


The work done by a variable force cannot be calculated by 
the direct use of the formula. F. S for the entire displacement §' 
because the force is continuously changing with the displacement. 
We consider here a simple case in which the force is changing only 
in magnitude. We assume that the force is pointing in the positive 
dire: of x-axis and the body is constrained to move in that di- 


} We can obtain an approximate value of the work done by a 
- Variable force in the following way. 


of 

We divide the total displacement into a ise ni i 
Small intervals each of equal width Ax. A conan aE 

to act throughout an interval. This constant s 


201. a e 


ae * pi 


e ‘ 
be the force which really acts at the be, 
f ginnin; 
Obviously such a chosen constant force 1 dine ach of 


different fe 
tervals. The work done by the force F(x a 
constructed at x is ? acting tn the 
we 
AW = F(x) Ax x 
We calculate the work done by the fore J= 
e for eac f 
Pas ts aae a total work done in displacing een n Tr 
ma % 
sh Pp. ely equal to the sum of all the terms like p ' as show 
Mis ts | pe 
~ W= ” F(x) Ax r snc * 
2 ” J Srs the wor 
F (x2) 4 
Where F(x) is the force acting in the jth interval of width 
ay = Ax, and N is the total number of intervals. ss 
lar stri 
Although the width of each interval is-small but still finite, which t 
Hence the force acting at the beginning of each interval is Not the | to the < 
force which is actually acting at each point of the interval, It can be mately 
taken only approximately for the whole interval. The result so ob- Fig.7.5 
tained is, thus, only approximate. In order to obtain a better result the wic 
for the work done we divide‘the total displacement into a larger Fix) 
number of intervals so as tomake the width of each interval small- 
er. As a matter of fact the accuracy of the result depends on the ex- A 
tent to which the width of each interval is made small. A far better 
result approaching the exact one is obtained by dividing the dis- 
placement into an infinitely large number of intervals so as to + 
make the width of each interval infinitesimally small. An exact re- A ; 
sult is obtained if N tends to infinity and so Ax tends to zero. Thus 8S- 
we gef. 
l N 
E o ray 
: Noc ja) J 
The above stmmation is equivalent to the integral 
A sm 
f Foo dx 
sa 
= 


WAVOUWUVDES .COMIC/IVIVDUATDITOUTU 


a. mE ) jk 
Nae Sa 44 = f Poga 
x 
1 
we now give a graphical interpretation to 


F Fly) Ax as follows the expression 
i=) 


The force F(x) is plotted versus x so 

as shown in Fig. 7.5(a). The work done by rE A a 

moves through the first interval is Fixi) Ax, = F (x) ile the object. 
js nearly equal to the area of the first recua Obviou yit 
the work done in moving the object through the seco p. Similarly 
F (xa) A xa = F (xa) Ax. nd interval is 


It is approximately equal to the area of the second rectangu- 
lar strip. The process goes on till we reach the final incest 
which the work done is F(x) AXy = Flxy) Ax. which is nearly equal 
to the area of the final strip. Hence the total work done is approxi- 
mately equal to the sum of the aréas of the rectangular strips 
Fig.7.5(a). In Fig. 7.5(b) the number of Strips is greater and hence 
the width of each strip is smaller than that in Fig.7.5(a). 


F(x) 


—7, 5 


Fig. 7.5(b) 


< 


AV 
bO 


Xa 


Fig. 7.5(c) ane 
Fig: 7.5 (a) Dividing the area into a few strips rape bie 
(b) The strips are narrower and more had 


(c) The strips are only infinitesimal in width. 


PS. COMICIVIUDUAT DTT OTS 
: . 7.5(c) corresponds to the case when NS 
the work done in displacing the body from x, to p 
equal to the area under the curve and bounded by tee 

its two limits x, and x. Mas of 


7.4 ENERGY 


Energy Is the capacity of doing work. Energy is a 
with the performance of work because the more work that is 
the greater the quantity of energy is needed. Work is alwa Boy 
t by a force. It means that a body possessing an energy is 
k force on any other body to do work. On the other ‘hand when a 
work is done on a body, an equal amount of energy ts\stored in it 


H Kinetic Energy The energy possessed by a body by virtue of Its 

motion is called kinetic energy K.E. i.e moving ball can break P 
glass window, a striking hammer can.drive a nail and a stone 
thrown upward can lift itself against the force of gravity. 


To find an expression for K.E of an object in motion we have 
to determine the work done by.the moving object. This work is ob; 
viously equal to the changé in K.E of the object. 


Derivation of Kinetic energy formula 


Consider a.body of mass m which is projected up in the grav- 
itational field-with a velocity V. After attaining a maximum heighth 
the body Comes to rest. The initial kinetic energy of the body Is ca- 
pable of doing work and is used up in doing work against the foree 
of gravity. At the maximum height the kinetic energy of the body z 
, zero because it is no more capable of doing work against the grav 
___. tational force. This means that the total work done by the body is 

measure of its initial kinetic energy. 


Work done by the body = F°. S' = FScos@ [0 = 0. c0801 
=FS = mgh, 4 


yy * V = initial velocity of the body 
vy = 0= final velocity of the body. 
= -g = acceleration of the body. 
= h =maximum height attained by the body 


-V° = -2gh or V° =2gh 


^ h: — 


2g 


Substituting this value of h in the expression for work done 


ry 2 
total work done = mgh = (mg) x te = 


J Hence the Kinetic energy of a body of mass m and moving 
with velocity V is 


KE nee sfiere = = mv" 


note that the cuperanion for Kinetic energy is in- 


eutron travels a distance of 12m in a time interval of 
Apepming its speed was constant: find its Kinetic eti 2 


ee 


— DTU 
' The Kinetic energy is 


1 q -27, 
KE = zm sp (U7 x 10 kg) (3.3x 10‘ms)? 
= 9.256 x 10 Joule 
= 5.78 eV 


7.5 POTENTIAL EN ERGY 


Ss) 


When a body is being moved against a fleld of force, an ener 
gy is stored in it. This energy is called ‘Potential Energy? For exam. 
ple if we compress a spring, an elastic potential energy ts developed 
in it; this energy is stored in it because a work is done in com. 
pressing the spring against the elastic force. Similarly when an eleo. 
tric charge is moved against an electrostatic force, work is done on 
the charge. This work done is stored in it in the form of electrostat- 
ie potential energy. Similarly when a body. of mass m is lifted to a 
height h against the gravitational force. {weight of the body), work 
is done on it. This work is stored in-it in the form of gravitational 


potential energy. 

In order to derive an-expression for the gravitational poten- 
tial energy at a height (very near to the surface of the earth) consid- 
er a ball of mass m which is taken very slowly to the height h as 
shown in Fig 7.6. The very slow motion is possible only when the 
applied force on the body by an external agency is equal in magnl- 
tude to that ofthe force of gravity that is 


Fe mg 


where F y represents the magnitude of the force Fa 
Under this condition the kinetic energy and the acceleration of the 
body is zero. - 

Work done by the applied force = 


fo 


fle 


ODE. COMICIVIVDOATDITUTORCOoUe 
bd Since an external force and the displa 
gA same direction. (i.e, 8 = 0, coso = i cement are taking Place in 


Work done by the gravitational force 


(wa) = R-S å, 
minus sign indicates that the force of gravity and thea -mgh 
are oppositely directed. Splacement 


Comparing the two equations for work we get 
W,=-We, > Noy. = -W, - 


The work done on a body by an extemal agency (applying ~ 
extemal force) against the gravitational force is stored, în it in the 
form of potential energy and is known as the gravitational potential 
energy represented by U,. Thus 


U, = W.x =- g = - (-mgh) 


= mgh 7.10 
Thus potential energy of a body in the earth's gravitational 
field at a height h is mgh whichis a positive quantity with respect to 
that at the surface of the earth which is Supposed to be the level of 
an arbitrary zero potential energy. 


SI unit of gravitational potential energy is Joule (J). 
7.6 ABSOLUTE P.E : 


The above expression in Eq.7:10 for the gravitational poten- 
tial energy is the relative potential energy of the body with respect 
to some arbitrary zero level, at which the potential energy is not ac- 

a Now we want to find the P.E of a body with respect to a 
t at which P.E is actually zero. Obviously this point is very far 

away from the centre of the earth. The P.E of a body at a height h | 

fom the centre of the earth with respect to the above said point (at 
the gravitational field is zero), is called the absolute P.E. 
Absolute gravitational potential energy:- 


P.E (mgh). 
© ~_I the derivation of an expression for the relative 
« 
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= n). We divide the d 


FVOULUDE.COMICIVIVLATDTTUTUOTY 


-We have assumed that throughout the displacement of the 
from the initial position to the final position, force of oun 
mains constant. No doubt the above assumption, for the constano, h 
of the gravitational field, is valid, if the height, to which the body 
displaced, is not large. On the other hand, when we consider Prob. 
lems involving large displacements (height h) as measured from 
Surface of the earth, e.g in space flights we cannot take the gravita. 
tional force as constant. In fact, it decreases with the Increase ops 
height. Hence to calculate the work done (which is a Measuré%ot 
P.E) against the force of gravity. the simple formula F .S’ can not 
be applied. 


To overcome this difficulty we divide the entire displacement int, 
a large number of small displacement intervals’and applying 
Newton's Law of Gravitation. 


In Fig. 7.6, a point B is situated ata very large distance from 
the surface of the earth, in the gravitational field. We want to cal- . 
culate the work done against force/of gravity, in taking a body of | 


a. asennna 
st emeemens Ht ann nnnn 


mass m from an initial Position A (or 1) to the final position B (0f 


istance between A & B into a large number 
€qual small width ar each. 


A th Ò O 


= The magnitude F, of the force F' acting at the point 1 { 
‘the first interval) is given by 


Here Me is the mass of earth, G is uni 
constant and r, is the distance of the point 1 

YY 
£ earth. x 
Similarly the. magnitude F, of the foreg, sa + acting at point 2 is giv- 
en by 


Fz 


a Gm Me W 
re 
The average froce acting throughout the first interval 


F = Ait Fk 


25 


where i the magnitude of the average force F 
P therefore ~~ 


i, Gm Me Cee 
gh Qa * dam 


WWW VOULU DE g 
. . 


i ry 
work done in lifting the body from point 1 oa 
an applied force. which is equal and opposite'to 
fe a. force, is given by 
~~ > . 
=F.4r 
E; the applicd force F and displacement aR in the same 
dire 
W,, =Far: °F = IF I. dr = hart 


“ss 


substituting for F, Ar in the above Soseaet we get 


2= (CMe m) -p 


Similarly the work & in lifting the body from point 2 to 3, 
3 to 4, .......... and so on © , 


i BS 
Bas" vs oy 
Ma GMem os - =) 


e the total work done by the applied force in lifting 
initial position A to final position B, we get — 


i Ee + daa 


2 7 4 
P.E represented by U of the body sh th 
the point A. Hence the potential energy of 

with respect to that at the point B is AU = -W 


| - -omen ($ -4 A 
est) le 


$. 


when the point B lies at an infinite distanee Le. T, =% , the 


p.E. at that point is zero (this point become reference point) then 
U=<AU, a 


GMem 
DEEE] bs = - oo : 7.11 (a) 


1 
assigning an arbitrary value to r, (@e.. r, = r). the Eq. 17.11 {a) 
can be 


Se) ge - “OMe 


z 7.11 (b) 


Therefore the absolute RE of a body of mass m lying at the 
surface of the earth is given by 


A AR (7.12) 
R, Ís the radius of earth 


oY The minus sign indicates that the potential energy is nega- 
al any finite distance that is the potential energy is zero at in 
and decreases as the separation distance decreases. This is 
the fact that the gravitational force acting on the particle by 
iS attractive. As the particle moves in from infinity, the - 
Positive which means U is negative. (P 


imate value of the absolute pote 
) above the surface of the earl 


<r 


y. (Bye 


= h i D 
ORe V -u 
r emerge nee an he 


PEs ~ Se ell “= a (7.13) 
INTERCONVERSION OF P.E AND K.E 
_ (FREELY FALLING BODY) | 


Consider a body of mass m-placed at a point P which Is ata 
at h measured from the Surface of the earth. The body pos- 
a gravitational potential energy, P.E; equal to mgh with re- 
> point O lying gs surface of the earth. We assume that 


E k E- o 


x 


i 
Lo 


PORA AES 


ae 


ely under the action of gravity. Consider its posi, 2 
e x below the point p during downward motion. O g" 
‘of the body at this point is mg (h ~x). This value of P.E is 
. mgh i.e. mg’ (h-x) < mgh. This means that the body has 
Ios by an amount mg x. Where has P.E gone? The answer to 
ma question is as follows. RS 
ir F 
‘The body at P has zero K.E because it Is at res its 
downward motion, its velocity increases and so increase 
“in KE. We assume that there Is no force of fricti ved during 
the motion of the body thus the loss of P.E t be equal to the 
gain in K.E i.c. the P.E is being converted intoALE, 


Eventually when the body reaches jaaSt above the point O, its 
P.E is nearly zero i.e whole of its RÐ is converted into KE. It 
means that at every point, during the fall of the body, assuming 
that there is no friction, we have 


Loss of P.E = Gain in KE 


In practice theres always a force of friction f, say opposing 
the downward motion”of the body. Here a fraction of the P.E ts 
used up in doin work against the force of friction. Thus a modified 
form of the above equation is 


.E = Gain in K.E + work done against friction 
in K.E = Loss of P.E - work done against friction 


= mgx- fx (7.14) 
Here f is average frictional force and if x is replaced by h 
Gain in K.E = mgh -fh 
An equation like (7.15) 1s called work energy equation. 
m Is very useful in solving problems. . r 
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destroyed, It can only be transformed from one 
loss in one form of energy ts accompanied by 
the other forms of energy. The total energy re 


form 
a Fe Wi 
mains constant, 
Let us elaborate the above statement. Energy 
created means one cannot produce energy by expendin be 
We get energy only by expending something appropiate on 
we can not destroy energy. We get something equivalent in 
if we annihilate it. Pair production is a good example of antag © 
` Of energy. On the other hand in nuclear reactions (fission and a 
sion) energy is created at the cost of mass. If m is the Mass i 
lated, then according to Einstein's famous mass-energy dae 
the energy produced is 


where c is the velocity of light in vacuum, 


The law of conservation of energy is-universally accepted be- 
cause there is not a single example in which it is contradicted. Al- 
though the law seems to be very simple but its implication Is very 
important. For example if one says that a machine can be Invent- 
ed, which works without expenditure of energy or fuel, we will im- 
mediately discard his statement because in every real machine 
there is always a force of friction which must be overcome by ex- 


penditure of energy: 


The law of conservation of mechanical energy (Kinetic and 
potential) is 4 particular case of the general law of conservation of 
energy. Here interconversion of potential and Kinetic energies 
takes place. 

With reference to the problem of a freely falling body as dis- 
cussed in section 7.5, the relative potential and the Kinetic ener 
gies at the point 'P' are given as. ` 


P.E = mgh, K.E=0 
“^ P.E. + KE. = mgh 


a 
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’ A <a 
he Sr with which the body reaches the point 
ation of motion we obtain the velocity as 


+ Vj = 2gh 


= Where V} = initial velocity (at P) 


F 


Ve = final velocity (at 0) 
< V =2gh 


Hence KE => mV = $ mx 2gh £ fogh. 


; The potential energy at 'O' is taken arbitrarily equal to zero 
with respect to which the potential’energy at the point P is mgh. 


P.E + K.E = mgh 


We now calculate-thè potential and Kinetic energy at any 
point Q at a distance goe the point P. 


P.E'= wk DARE m 


2 a 


e V is calculated in sinular manner as before h, is 


KE = mg 
“ P.E+K.E= mg (h-x) + mgx 
= pag 


cS CONVCIVIDUATDITTUT a 


If we measure the velocity of the body just before it i 
the ground and calculate the corresponding-kinetic energy, we 
find that the measured, kinetic energy (say, x mV’) at the bot. 
tom is not equal to the potential energy mgh at the top, that 
is, 4mv^< mgh. One may think that perhaps the conservation Pa 
of energy is violated. This statement is not correct. The apparent 
violation is due to the fact that we have not taken into account the 
force of friction which acts on the falling body. Work is done <> 
against the force of friction for which energy is required. This ener $ 
BY comes from the initial potential energy of the body. When this 
work is added to the measured kinetic energy. the sum fs"always 
equal to the initial potential energy of the body at the top: 


Examples of conservation of energy from évery day life: 


(i) When we switch on our electric bulbs, their filaments 
are heated up and begin to emit light. In switching on 
the bulb we supply electrical energy to it. It is converted 
into heat and light energies. Here one form of energy 
(electrical energy) transforms into another forms (heat: 
and light) of energies. But the electrical energy sup- 
plied is equal.to the sum of the heat and light energies. 
In this example the energy is neither created nor de- 
stroyed. z 


(u) Fossil fuels e.g. coal and petrol are stores of chemical 
energy. When they bum, chemical energy is converted 

“into heat energy, that is, 

chemical energy = Heat energy + losses. 


(i) The heat energy present in the steam of a boller devel- ` | 
ops such a large pressure that it drives a steam engine — 
Here heat energy is converted into kinetic energy (me- 
chanical energy). that is. 

Heat energy = Mechanical energy + 109964: 
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(tv) In rubbing our hands we do mechanical 
i E work which 
produces an equal amount of heat energy, that is, ` 
Mechanical energy = Heat energy + Losses 
7.9 VARIOUS SOURCES OF ENERGY 


2 
ZZ 


So far we have discussed the KE & PE. There are m 
forms of energy extracted from different sources e.g. Wind energy, 
Hydro electricity, Chemical energy, Fossil-fuel energy, Nuclear en- 
ergy, Geothermal energy, Solar energy ,Tidal energy)etc. We 
give a brief description of each as follows. X 


FF 


any other 


F 


(i) Wind Energy (Wind Power) 


The source of this energy is the wind: This energy is used in 
running flour mills. In Karachi near. Suhrab Goth you can see a 
wind mill for drawing underground water. 


(ii) Hydro electricity (Water Power) 


TEH EAR] 


Mangla dam, Tarbela dam and other dams in our country 
are used to produce élèctrical energy. Their prime function, is to 
retain river water.so that it can be shuttled off to a water turbine 
that drives an electrical generator. The Principle involves a way of 
supplying power to a generator other than by a steam turbine. 


(iii) Fossil Fuel 


» Fossil fuels are remnants of plants and animals which died 
millions of years ago. Depending on the conditions of formation, 
=> the fuel can be liquid (crude oil), gaseous (natural gas), or soild 
(coal. peat, lignite). Coal is being used by man since long as a source 
of energy, In present age the main source of energy is gasoline. 
Fossil fuel is used for running machines for driving engines etc. 


liv) - Nuclear Energy 
The nuclear energy is produced due to the fission be my 
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Reiss, the nuclear miry is used to produce electrical power 
nuclear reactor is working in Karachi to generate electrical a 
The energy thus produced is more economical and non polluting, if 
fission reaction is uricontrolled the enormous energy produced in 
the form of heat causes heavy destruction. The destruction of de 
pan due to it is a tragic example. 


; ` Fusion reaction, if uncontrolled can cause much more nS 
struction than that caused by fission reaction. On the other! 
controlled fusion reaction (CFR) May generate enormous Lount of 
energy for useful purpose for which the scientists are working all 
over the world 


(v) Geothermal Energy 


Geothermal energy is the earth's natural heat. Heat, in fact, 
conducted out from the interior of the'surface of planet (earth) ata 
rate of approximately 1.5 p cal/crn*=s and over a time interval of a 
year. this flux to the entire surface 1020 cal. D.E. White and D.L. 
William estimated that the heat stored in rock beneath the USA to 
a depth of 10km is of the order of 8 x1074 cal. Of course, a lot of 
this heat is not usable. Practically, heat must be concentrated in 
geothermal reservoirs where it is to be exploitable. It is Interesting 
to observe, however. that in the upper 10 km (when the tempera- 


ture ds 100°c) the total stored geothermal energy exceeds. by 
order gnitude, all thermal energy available in all nuclear and 


el sources. j 
| 


7 The man is aware of hot springs, water of which have been | 
heated by hot rocks. Boric acid and other chemicals are extracted | 
from the steam jets in Italy as early as 1700 A.D. Larderello Com 
pany produced electricity in 1904 using natural steam for the gen 


eration of power. 


Solar energy is by far our most available energy source. ae 
: absolutely depend on it for food production and we call on it 
for a multitude of things ranging from sun tanning to clothes dry- 
Solar energy could make a major impact on our energy econo- 

my (1) provid Space heating, space cooling, and hot water build- 
ing (2) providin “clean fuels and (3) generating electricity by rae 
E y 
(vil) Tidal Energy h 4$ 

: N 
The thought of harnessing the enormous energy content of both 
the ocean and tides have pervaded the minds of.human being for 
centuries. The tides have their origin in the gravitational force ex- 
erted on the earth by the moon and the suns Water-powered mills 
operating from tidal motion were used in New England in the 18th 
century. Sewage pumps functioned in Germany and London by us- 
A ing tidal power. These systems weré replaced by the more economi- 

cal and convenient electric motors. 


Although no source exists that renders less. environmental 
damage, tidal energy is difficult to harness and marginally ecenom- 
ical. 

The fossil fuel is used as the main source of energy in Paki- 
Stan. It requires\a huge amount of foreign exchange to import it. 
Due to its burning environmental damage is done on a Very high 
scale. The hydro electric generation is also limited and also costly. 
For ee eaen and future needs we must provide indigenous 
at reactor to generate electrical power. Along with solar energy 

id be exploited to a greater extent. Solar energy is ideal source 
energy to get rid of pollution. Solar energy is available in most-of 
the parts of Pakistan thrcughout the year. 


. Solved examples, g 


person pushes a toy car, initially at rest, towards a child v 
by exerting a constant horizontal force F of magnitude P 


W=F.S =FS =(5N) (Im) =5J 


>) The initial kinetic energy Ko is zero, so the 


energy of the car is Ka 


K=Ko+W=0+5J=5J. 


(c) The final kinetic energy is 


s] 1 2 
K z m? 


aj 


Be 4 Foa _ 
ord = ie = hp 0.1kg =.10m/s 


A 70 kg man runs up à ERS through a height of 3 m in 2 sec- 
onds. (a) How moth» work does he do against gravitational 


Lp forces 2 (b) Whàtìs his average power output? 


pe“ 


2 
(@)_ The work done, AW, is equal to change in his potential 
energy. mgh. Thus +3 


~ AU =7000Nx (300m) 
= 2100000uU 


= 2.1 x 10°u 


Calculate the work done by a force F specified by 
- A A a 
F =3i + 4j + 5k. 
in displacin, dy from position B to position A along a 
Straight pat:The Position vectors A & B are respectively giv- 
enas 
A A 
ne + 5j - 2k 


A A A 
=7i + 3j - 5k 


nd in a distance of 100 m. How large Is the av 
1al force tending to stop it? 


rate of 500 g/min. What must ope minimum 
of the pump be? 


pump is needed to lift water through a height a io 


(Ans S, 74x10" hp). 


A horse pulls a cart horizontally with Gorce of 40 Ib at an 
angle of 30° above the horizontal and’moves along at a speed | 
of 6.0miles/hr.(a) How much work does the horse do in 10 
minutes ? (b) What ts the — put of the horse ? 


Ans. 1.8 x10° ft. Ib (b) 0.55 hp). 


7. A body of mass 'm' T ee uniformly from rest to a speed 
Vf in time t . that the work done on the body as a 
tion aS in terms of Vr and tg is oar 


mee 


€ a mass 0.200 kg ts launched from rest. It reaches a 
lying at a height. 30.0 m above the surface of th 
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ce Chapter: 8 
Wave Motion 


and Sound 


8.1 VIBRATORY MOTION 


a In our surrounding we come across many. things which 
un dergo oscillatory or vibratory motion. Some examples are the 
motion of a pendulum, Prongs of a tuning fork-when struck si- 


j? hp) tar's string when plucked, etc. A weight attached to a stretched 
i spring, once it is released, starts oscillating. The atoms in a solid 
at an Possess vibratory motion. Similarly,/atoms in molecules also vi- 
Speed } brate relative to each other. The eléctrons in a radiating or receiv- 
ing antenna are in rapid oscillations, An understanding of vih- 
in 10 tational motion is essentialfor the discussion of wave phenomena 
8.2 MOTION UNDER ELASTIC RESTORING FORCE 
hp). (HOOKE'S LAW) 
peed An important type of motion occurs when the force acting on 
as a a body is diréetly proportional to the displacement of the body 
p measured from its equilibriu 


m positon. Since this force acts only 
position, the result is a back-and-forth mo- 
10nic motion. Consider a body of mass m, 
helical spring Fig.8.1. The whole system is 


toward the equilibrium 


attached to a horizontal 
placed on a horizontal, s 


mooth surface. If the Spring is stretched or 

, compressed, a small distance from its equilibrium position, and 
QO then released, the spring will exert a force on the body given by 

5 Ratke 8.1 


Where. x is the displacement of the body from its ‘equilibrium posi- 
tlon and k is a Ppositive constant, known as the force constant of 
the spring, The-above equation is the mathematical statement of 
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as Hooke's law. The negative sign Indicate 
by the spring on the body ts always directeq 


Di 1 (a), the spring force is to the left that 1s negative, y 
j Jess than zero as in Fig.8.1(c), the spring force is to the right that 

_Is positive. No doubt, when x = 0, as in Fig.8.1(b), the spring ts ney 
ther stretched nor compressed and Fs = 0. As spring force always 
tends to restore than original condition of the spring, it is some 

f times called a restoring force or more correctly elastic restoring 


force. : 
m x>0 F,<0 Xs 
o |w Soi 


= 
x=0 a 
' F,=0 
(b) x=0 
x 
i 
x=0 
-= : F,=0. 
(c) | z0 
; x 
-x—} 
x=0 


Fig. 8.1 The force of spring on‘a'mass varies with the displacement of the 
mass from the equilibrium position x = 0. 

(a) When x is positive (stretched spring, the spring force is to the left 

(b) When x is zero (unstretched spring), the spring force is zero. 

{c) When x is negative (compressed spring), the spring force is to the right. 


Once the mass is displaced to some distance x,, (within elas- 
tic limit) from, uilibrium position and then released, it will move 
from the position -x,, through O to + x,, position. This system will 
conti oscillate back and forth about its equilibrium position. 
g the oscillatory motion between two extreme positions 

n the body passes through the equilibrium position, the total 
ergy is kinetic. The potential energy is zero because the spring iS 
‘unstretched condition. As the body moves to the right or lel 


of Eey due to any internal or external factors. U: 
; second law of motion, F = ma, the restoring fore of 
ng is given as O) 
i F, = ma=-kx we 
Shae SS) 
k 
Or as- —x 
m 
= - constant x x 
or ë ag-x N 
Where the quantity (k/m) repreŚeřits the constant of proportionall- 
ty. Minus sign shows thatthe acceleration is always directed to- 
= wards the equilibrium position. This back and forth (oscillatory) 
motion .in which the instantaneous acceleration is proportional to 
_ the displacement ofthe oscillating body is called a simple harmon- 
fe motion. It is we as SHM 


BS cuapicrenistics OF SHM 


< 


B Re we derive expressions for displacement, velocity, ac- 
0 and time period of a particle executing SHM, we com- 
FM with uniform circular motion. ii 


between uniform elreular motion nd SIME 


an et simpe harmonic motion along a 
er understood and visualized by st 
rm cieuta mouon. Caner a polat ma 


As the particle at point P rotates along the circumference ofa 
circle, the projection. Q. of the particle, P;-srioves back and forta 
‘along the diameter AOB. At some instant of time t, the angle be- 
tween OP and the x-axis is wt + Ọ. when 9 is the angl- which OP 
makes with the x-axis at time t =O. This angle $ is known as the 

’ initial phase angle. We take thiS-às our reference point for measur- — 
ing angular displacement, Ás the particle P rotates on the circle, 
the angle that OP makes With the x-axis changes with time and the 

jection of Pon the s. moves back and forth along the diameter 

e reference pe etween the two extreme positions x = t X,- 


Prom vaa right angled triangle OPQ. the displacement be 
e mean position Is given by . 


FX, COS (wt + p) 


.2 (a) that we take x to be positive when displa 
when the Beemer Is is to the left, cocfot p 


acement as a function of time for a particle undergoing simple 
motion. There is a time interval T (The lod) between 
ponding point on the curve, = a a 


© 

, N - 

= First we note that x,, called the amplitude of òtron, is sim- 

the maximum displacement of the particle, in r positive or 

ve direction of the axis of x. The const angle $ is called 

phase constant or phase angle. The const nÉ $ tells us what the 

angular displacement was at the time t = 0/The quantity (@t+6) is 

| called the phase of the motion. We also‘note here that the function 
Xis periodic and repeats ‘itself when.@t increases by 27 radians. 


ib The time T which the particle takes to go through one full cy- 
cle of its motion is called the period or time period. This means the 
value of x at time t is equal to the value of x at time (t+T). We 


will show here that the period of the motion is given by T=2x/a. 


We know thatthe phase increases by 2r radians as t in- 
es by T, VG a 


e Eeen +6 


@T =2n or T= 2% 8.4 


The inverse of the period T. is known as the frequency of 
y motion, f. The frequency represents the number of 
/ vibration which the particle makes in one second, i.e. 
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A which is angular velocity, has u 
). i 


chan: 2 (b). The magnitude of this acceleration is 
çy 
op? 2 S 
A 
Xo 
Where Ùp = X, © represents the near “speed of the po 
mass at P, ` 


The acceleration of the point. S (Q being the proje 
t P) is equal to the component ofthe acceleration P ee c-a 


and is given by Fig.8.2 (b) 
T a 
ay =-X, o “$a 


The minus ih is needed because the acceleration, 


‘point Q is wna the left (along negative x-axis). When Q is! 
f e acceleration of P is toward the right; but si 


a 


e cen! 
Goes at such point the minus sign is still needed. 


== Orr 
pee’ 


- acceleration af point Q is proportio s 
ee ore 
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amay TEO % 
Comparing Eq 8.2 and Eq 8.8(b), we get 


i k 
ia m 8.9{a) 
we know that 


w= 2nf= se 


The period of oscillation or time required for one completé trip is 
T= 2ny/ TH 8.9(b) 


The speed of the point Q is the component of the speed of 
the point P along diameter AOB as shown in Fig.8.2 (c) 


6, = Dp sing 
=x, @ sin@ w Up =O 8.10(a) 


Substituting for sin 6, we get 


D = xo V 1-¢08°@ 
ù% = o Vfxe-x 8.10 {b) 


wA y i xy x -x 8.10{c) 


a ‘Equation 8.10(b) shows that the velocity is maximum at the 
mean position O where x = 0 and is equal to ax, (Oya, = ax), and 
‘Wis minimum (Omin = 0) at the extreme positions A and B. 


8.4 ENERGY OF PARTICLE EXECUTING SHM 


We often refer to a system that-undergoes SHM as a simple 
oscillator. In an ideal oscillator there are no frictional 


7a = 
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-kx. Here the force is varying li 
stretching force is zero when the d 
tis kx (only magnitude), when the displacı 


-L kx. Hence the work done on the mass. 


ing displacement ist kx XX =z. This v 


is stored in it in the form of P.E. Thus the P.E, 


- Lig 
P.E =k 


From the equation it is clear that thòP.E is maximum at 
two extreme positions where x = + Xa, L.¢., (P-E)max = + kxŝ and 


is minimum at the equilibrium position i.e., where x =0 


1 
A (P.E) min =0. 
Using Eq 8.10(c). the pression for the K.E is given by 


(K.E) = 4 mv ON 
ZPN 


La 
= Constant 


Eq. 8.11(d) shows that the total energy of the mas: Aerating 
{ is conserved throughout its displacement including ean and 
reme positions Š N 
Finally. we shall now define some important terms used fre- 
“quently when dealing with simple harmonic motion (SHM). 
= > (i) Periodic motion: 


A motion which repeats Itself {nequal interval of time ts called 
f motion. If the motion is-described by a periodic function 
with period T, then 


f(t)=f(ttnT) L 
Where n = 0. }, 2:3. 


and T is etime required to make one complete vibration /os- 


i ON 


number of vibrations made by a body in one second is 
uency. It is represented by a Greek letter (v) read as ‘nu’. 
as vibrations/s or cycles/s or hertz (H,). The recip- 
lency (V) is equal to the time period (M) 


WwW 5 - 
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> 
eg] 
\ 


ngih L. The net force on tlw pendulum babis 


AA 8.4 A simple pendulum of le: 
l force Fo and the tension in the string T. 


the vector sum of the gravitational 

Referring to Fig.8.4 there are two forces acting on the pe: 
lum the vertically downward gravitational force, Fo = mg and 
tension in the guspensieg String T. The net force acting on t 
bob is given as & “a 

EF 

We g resolve the force Fg into two components (i) © 

tHe length of the string of the pendulum and (ii) the 
ular to the string. Thus we have 


BE CONVCVIVDOATOTFUTORCOUUUT 


sion T. Hence the magnitude of the net force actin 


MEY: 
o o Fhe" mg sind ‘ mane 


This is the restoring force which is responsible for the oscil- 
latory motion of the bob. The displacement, x, is the distance 
through which the bob moves along the arc (traced by the bob). 
Starting from A, the displacement of the hole at B ts x 


= 16, where 9 
is measured in radians. 


Using Newton's second law of motion and assuming Fane F. 
the equation of motion of the bob is given as 

F = ma = - mg sin@ 

a=-g sind 

The negative sign indicates that the force and hence acceler- 
ation are always directed towards the mean, position. If 6 is suffi- 
ciently small (less than about 5 degrees) then 


sind = 


8 
£ 
l 

substituting for sin6)we write 


= x 
a=-gs 
Bas} x 8.12 


ad-x 


C ę where (g/l)is constant of proportionality 
Ae 

A Thus the acceleration of the pendulum is directly proportion- 
al to its displacement and is directed towards its mean position. 


ce the pendulum executes SHM. 


Comparing Eq. 8.8(b) and Eq 8.12 and using Eq 8.9 (a). we . 


W= g 
l 
CC EE 
F s 


ne period of a simple pendulum whose le 
e value of acceleration due to gravity is 9.8m Is. 
experiment is performed. 


Solution” 
L = 88.2cm = 88.2 x 107m 


= 9.8 m/s? P 
N 
Ka 


g 
Ts? 


f 


r 
P 
vA 


T= 22 // t SG 
g oS) 
> -2 
2 = 2x3.14] / 88.2x10 te 
9.8(m/s) 
Me 1cess |X 4 


GENERATION oA A WAVE PULSE. 


disturbance travelling through a system is 
wise. A simple way of generating a pulse in onè - 
um is given below. 


Reg: isol 


er a string whose one end is tied to a fixed sup 
- end is held by the hand in a stretched pa 
single up and down jerk which in tum p 
g. It (hump) travels along the ak 


UECOE CATO == 


K 


of the medium (string) move up and down in a dire 


) ction per: idic- 
ular to the direction of propagation of the wave pul Perpendic. 


se. 


a 
$, 


Fig. 8.5 in a transverse wave the particles ofthe medium (string) vibrate at 
right angles to the direction in which the wave itself is propagated. 


The shape of the disturbed part of the string containing the 
wave pulse can be describedat-a given time mathematically by a 
wave function f (x) such that 


y = f(x) 

Here y is the'vertical displacement of a particle from its equi- 
librium position and x is the horizontal distance of the particle 
from the poifit where the displacement y is zero. Hence x, y are the 
coordinates’of the particle. Since the wave pulse is moving along 
the string, its position is changing continuously with time. Hence 
thelocation of the wave pulse depends on time. Thus the shape of 
thé wave pulse with its location can be given by the function f (x, t) 

‘Such that 


kN 
- Y=f (x, t) 


and is called wave function. 


8.7 TRAVELLING WAVES 
11 
_It is a common experience that disturbance Is created in sti 
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‘water of a pond, when a pebble is dropped Into it. This disturbance 
Produces waves on water, which move outward, reaching 


the shore of the pond. If we observe carefully the motion of a leaf 
floating near the disturbance, we would find that it moves up and 
down and side ways about {ts original position, but it does not un- 
dergo any net displacement. This is, the wave on water (or the dis. 
turbance which moves from one place to another, yet the water ts 
not carried with it. Fig.8.6 (d) shows such a wave on water. In this» 
case point A would correspond to the crest of the wave and point’B 
would correspond to the trough of the wave. 

These waves produced on the surface of water are. known as 
travelling waves. A travelling wave can also be produced:on a string 
by connecting one end of the string to a vibrating ‘blade. As the 
blade oscillates with simple harmonic motion, every segment of the 
string can be treated as a simple harmonic oscillator vibrating with 
a frequency equal to the frequency of vibration of the blade that 
drives the string. 


A wave is characterized by three important physical con- 
cepts, the wave length, the frequency and the speed of the wave. 
The wave length is defined as the distance between any two points 
on a wave that behave identically. For example, in the case of 
waves on water, the wave-length is the distance between the adja- 
cent crests or between adjacent troughs. 


Every wave travels with a certain velocity which depends on 
the propertieésjof the medium through which the wave is propagat- 
ing. For examples, the sound waves travel through air with a speed 
about $44 m/s at 20°C, whereas the speed of sound through solid 
is higher than this value. A special class of waves which do not 
need a material medium for their propagation are electromagnetic 
waves. they travel through a vacuum with a speed of about 3 x 10° 
m/s. 


The frequency and the time period have already been defined 


in section 8.4. 
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8.8 TRANSVERSE WAVE 


Consider a long rope under tension as shown in Fig. 8.6 (b). 


R as a in E dy 

Ting . 8.6 (a) A wave pulse travelling down a stretched rope. (0) A pulse travel- 

the oa a stretched rope ts a transverse wave. That ts, ary.element P on the 
rope moves tn a direction perpendicular to the wave tore íc) A longitudi- 

the nal pulse along a stretched spring. The disturbance of the medium (the dis. 
placement of the coils) ts pi the direction of the wave motion For the starting 

vith motion descriLed in the text. the compressed region C ts followed by an oe 

hat tended region R. (U A harmonic wave travelling to the right. The solki cane 


m: one of its end is flipped to produce a wave in it. A portion of wave Is 
S produced this manner. The wave consists of a hump called pulse 
ua in the rope. This pulse travelS to the right along the rope with a 
of definite velocity. This type of disturbance is obviously a travelling 
ja- wave. Fig. 8.6 (b) gives ‘four consecutive snap shots of the travelling 
wave. In this case, ‘the String is the medium through which the wave 
on travels. We further assume that the shape of wave pulse remains 
at- unchanged while the wave travels along the rope. 
A It-ean be seen from the Fig 8.6 (c) that as the wave pulse 
d travels along the Tope, each segment of the rope, which is dis- 
c turbed, moves In a direction perpendicular to the wave motion. 


0? _ Note that there is no motion in any part of rope in the direction of 
` the wave propagation. A travelling wave such as this, in which the 
Particles of the disturbed medium move perpendicular to the direc- 
d lion of Propagation of the wave Is called a transverse waves. Other 
examples of transverse waves are-electromagnetic waves, such as 
light, radio, and, television waves, etc. 


i o M 
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ANALYTI T OF T = 
WAVE GTICAL TREATMEN RAVELLING 


We will give a simple mathematical treatment of one dim 
transvere travelling waves. Consider a wave pulse Which tg 


travelling to the right on a long stretched string with a constant 
Speed v as shown in Fig.8.7. The pulse travels along the x- 
and the transverse displacement of the string is measured alon; 
axis. Fig.8.7 (a) gives the shape and position of the pulse at 

The shape of the pulse is represented as Y = f (x). Here yi ri 
tion of x. The maximum displaement denoted by Ymax is Called the 
amplitude of the wave. The distance travelled by the pulse in time- 


F 


Fig. 8.7 (a) The shapěof a string (in this case a pulse) at t = 0. (b) Ata 
later time t the puise has travelled to the right a distance x = vt. 
i 


is vt Fig. 87th). Suppose the shape of the pulse does not change 
under condition we can represent the displacement Y for all the 
lat e measured in a stationary frame with the origin at O as 


y = f(x + vt) 8.14 (a) 


Similarly if the wave pulse is travelling to the left, iis 
displacement is given by y 
d 


y = f(x - vt) 8.140) 
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Since y depends on two variables, x and 
à t we often represent 
t 


lon itbyy (X t ). which is read, "y as a function of x and eiet 

h ig portant to understand the meaning of y, ae EA 

ta, 

tips Consider a particular point P on the string, identified 

i s | particular value of the co-ordinates x and t. As the wave es 
y- th 3 passes 

Ret | the point P, the y coordinate of this point will increase, attain a 


i | maximum value and then decreases to zero. Therefore the wave 


Pe | function gives y co-ordinate of point at any time t. Furthermore, 

se - ift ts fixed then the wave function y as a function of x defines a 
curve representing actual shape of the pulse at this time. This 
Js equivalent to a "snapshot" of the wave at this time. 
To find the velocity of the pulse we can calculate how far its crest 
moves in a short time and then divide this- distance by the interval. 
The crest of the pulse corresponds to“that point for which y ts 
maximum. In order to follow the motion of the crest, some particular 
value, say Xo, must be substituted for (x - tt). In order to stay with 
the crest, we must have x - Wc, Xs, no matter how x and t change. 
This gives the equation of mofion of the crest. Putting t = 0 in the 
above equation, x = Xo aiid at later time dt, the crest is found ata 
distance x = Xo + Jdt. Thus the distance covered by the crest in 
time dt is clearly dx = xo + vdt - xo= Wit. Thus the wave speeds 

Pa which is also often referred to as the phase velocity as given by 

A 

ge dt 

he | 4. The phase velocity must not be confused with the transverse 

as oe’ of a particle in the medium. 

0 È Water waves in ripple tank: 

fs i + When a stone is dropped into a smooth pond ie 

č disturbance is produced. The disturbance extends over the s 

) 


o 
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of water in the form of circles centered at the place where | the 
was dropped. As a matter of fact when the stone hits the wate 
face, it forces the latter downwards and so produces a depressp 
(through), with a hump (crest) all around It. 


The water regains its original poSition due to the difference of 
pressure so produced, but then instead of remaining at rest it over- 
shoots this position because ofiits inertia, just as does a pendulum 
when pulled to one side of its equilibrium position Fig.8.8(b). Thus 
a circular ridge is formed:-This expands into a large circle and is 
followed by a second €ircular ridge which expands and so on. The ~ 
result is that the surface is soon covered with a series of circular 
crest. Beparatcd ‘by circular troughs, all moving away from the cen- 
“tre of disturbance. Water waves can be producé by using a ripple 
tank showin Fig.8.9. 


its simplest form the ripple tank consists of a sheet of 
round the edges of which a beach is formed so that shallow — 


helps i to reduce the unwanted reflection of the waves from the st 
of the tank. A bright electric.lamp is placed below the tank and tht 
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6 volts 


Fig. 8.9 The image of the waves ts seen on the screen which ts Just a plece of 
white drawing paper placed under the ripple tank: 


of First we dip a finger or a pencil-in the water and notice 
er- that the circular waves spread outi from it whenever it moves 
ım slightly. If the finger is dipped in and out regularly at the same 
us place, waves consisting of alternate crests and troughs follow one 
is another at regular distancës. The distance from one crest to next 
he one is called the wave length. 
z If the finger ts’replaced by a dipp-r fixed to a vibrating steel 
2 strip, this will make the dippings occur at perfectly regular inter- 
vals and, further, these intervals can readily be altered by altering 
the length of the vibrating strip. 
sf “The state of affair set up on the water surface is called a wave 
h gon. and three important terms are used to define it completely. 
‘a sense are velocity, wave length and frequency. We know that the 
a frequency is the number of complete waves produced each second. 
k a our example, it ts the number of in and out movements made by 
> dipper in one second. One in and out movement of the dipper is 
called one complete vibration. 
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By the time the dipper is entering the water for the sex 
time so as to produce a second trough, the trough Produced b ne 
first “dip” will have travelled a certain distance and this dis 
clearly one wave length. Thus, during one vibration of the di 
the wavefronts travel outward a distance of one wavelength farther 
from the centre. 


In one second the total distance a wavefront travels Will be 
the wavelength multiplied by the number of vibrations per second 
Now the distance a wave travels in one second Is the velocity of the 
wave and hence we have a 


Velocity of wave(6) = frequency (v) x waelength (a). 
O= 0A (8.16) 


knowing the frequency and wavelength; the velocity of wave 
can be calculated. 


8.10 ENERGY IN WAVES 


All mechanical waves travel through a medium, they carry energy 
with them and hence they are also called carriers of energy. This ts easily 
demonstrated by having a weight on a stretched string and then sending 
a pulse down the stringas shown in Fig. 8.10 (a). When the pulse meets 
the weight, the weight will be momentarily displaced as shown in Fig. 
8.10 (b). Actually In this process energy is transferred to the weight since 
work must be done in moving it upward Le. work is done at the cost of 
energy which is defined as the capability of doing work. 

© 


we describe here the state at which energy is carried along a 
String. We consider a sinusotdal wave (Harmonic wave) and calcu- 
late the power for this one dimensional wave. 


Consider a harmonic wave travelling along a string Fig.8.10 
(c). The source of the energy is some external agent at the left end is 
ee 
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Fig. 8. 10 The screen which is just a piece of white drawin 
under the ripple trank. 'g paper placed 


of the srting, which does work in producing the oscillation in the 
e string. The points P,Q and R represent-various segments of the 
string which move vertically. The wave-moves a distance equal to 
one wavelength À, in a time T. To determine power transmitted by 
} the wave, we first calculate the eriergy contained in one wavelength 
and divide the result by the time T. 


y 
d We know that every point on the string moves vertically up 
: or down, Thus every segment of equal mass has the same total 


energy. The energy of the segment at P ts entirely potential energy 


i since the seginent is momentarily stationary. The energy of the 

; segmentat Q is entirely kinetic energy and segment at R has both 
kinetícand potential energies. Now consider the segment Q, which 
hása maximum transverse velocity (6,) max and mass A m. The total 

l = energy of this segment ts given by 

, 8.17 


AE = 1 amtayi ae 


: The power, P, of the wave Is obtained by dividing the above 


€xpression for A E by the time period T. 


re 
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ree uh wry 
P= $ eo a? y? 
o 88 

à * 
Where 9 = F is the velocity of the wave and HIS mass per 
unit length of the string 


The above equation shows the power transmitted by bar 
monic waves produced on a string is proportional to k> 


(i) the velocity of the wave (ii) the square of the frequency 
and (tli) the square of the amplitude. In fact, all.the harmonic 
waves have the following general properties. 


The power transmitted by any harmonic wave is proportional 
to the square of the frequency-and to the)square of the amplitude. 
It should be noted here that energy is not carried by only mechani- 
cal waves (waves in a string, water waves, sound waves etc}, It is 
also carried by electro-magnetic waves like light waves, micro waves, 
radio waves, thermal radiation, etc. The energy carried by electro- 
magnetic waves also depends directly upon their frequencies. This 
means high frequency.waves have more energy than low frequency 
waves. For example, energy carried by ultra vidlet light is much 
greater than those\carried by infra-red light because the frequencies 
of ultra-violet ght are much greater than those of infra-red light. 


8.1 L STANDING WAVES 
N 


> If one end of a string, preferably a thick rubber, is fixed to 4 
wall and the other end is held in-the hand, wave can be set UP 
along the string when streched and flicked upward. This pulse 
which 1s in the form of a crest is reflected at the fixed end and 
passes back along the string. The crest is reversed on reflection 
and becomes a trough as shown in Fig.8.11. 
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Incident pulse 
i ne Y 
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(d) Reflected 
an pulse 


Fig. 8.11 The reflection of a travelling wave at the fixed end of a Stretched 
string. Note that the reflected pulse is inverted, but its shape. remains the 
icy same. 
lic However, when the string ts Ughtly stretched between two 
fixed supports and then plucked, the crest extends the whole dis- 
tance between the supports. This distance is clearly half the wave- 


al length of the transverse wave developed in the string as shown in 
le. Fig.8.12. At each end, the wave suffers a phase change. The crest 
u- W, on reflection at Q becomes a trough W, and the trough W, be- 
is comes crest W,. on reflection at-P. 

S, 

o- 

is 

cy 

sh f 

es 


Fig. 8.12 Stationary waves set up in a stretched Strings with its two 
clamped ends as nodes and the centre as an antinode are shown. 

This simple vibration of a String consists of a transverse 
wave Passing along the string and being reflected at each end in 
‘ai At Q the incident and reflected waves are always cqual in am- 

Piltude and Opposite in phase and so the end is stationary and we 


Ect what we call a stationary wave or standing wave in the string. 


The point where displacement is maximum Is called anti- 
node denoted by A. And that where the displacement is minimum 
(zero) ts called a node denoted by N. 


ees S) 
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P 
der two sinusoidal waves with the same ampliture 
and wavelengh, but travelling In opposite directie 
can be written as. 


y, =A, sin kx- œt) and y, = A, sin (kx + ot) 


£ Where y, represents displacement of a wave travelling 

- the right taken as our incident wave and Y, puan dis plac 
ment of a wave travelling to the left, which 1s our refl ROSE 
The resultant wave function Y is given by a 


à 


Y=y, + Y, =A, sin (kx - wt) + A, sin fee ee 


Where k = 27/À and ù = 2nf. Using OF ncaa identi- 
Y=(2A,sintodcosot GO | 8.19 


This expression represents the wave function of a standing 
‘wave which is entirely different from the expression which is used 
to describe a travelling‘armonic wave. From this expression, itis 


obvious that a s g wave has an angular velocity œ (a con- 
ae tude given by 2A, sin kx. This means every p 


g vibrates in SHM with same frequency o. Howe 

de R of the motion of a given particle depends on sin 
‘contrast to the situation involving a travelling ue 
hich all particles oscillate with the same amplitude a 


E 


Å 
y= 
= 1, 3,5... It is to be noted that anti-nodes, s 
ance of 1/2. Similarly the standing wave has a nie E 
tude points when sin kx = 0 or when Ts 


A 
is i S\ 
ia nR Pa 


H 
2 
Sy a Eq. 8.21 (a) we get 4 


Y 
$ cn AA BES, N A 
2 2 A 


Where n = 1,2,3..... These points-of zero amplitude called 
es, are also separated by 5 - The distance between a node and 


antinode is 2 3 


B, 12 FUNDAMENTAL FREQUENCY AND HARMONICS 


We consider a stretthed string of length L fixed at both 
ds as shown in Fig.8.13 (a). Standing waves are set up by a 
uous Superposition of waves incident and reflected from the 

S. The s as a number of natural patterns of vibrations 
n odes (as shown in Fig. 8.13 a,b,c, and d), Each of 


modes has a characteristic frequency, The frequencies are 
culated, 


Is to be noted that the ends of the string must always be 
use they are fixed. If the string is displaced at the mid- i 
and Teleased, the vibration is as shown in Fig. 8.13 (a). in p 
middle point of the string has the madmum i 
anti-node, For this normal mode of vibration, 
3 is equal to ÀL which is distance bs 


ii —_--- 
kas, h -r 
a a 


Nodes . 
kes EDN ai 


_ FYg.8.13 Standing waves on a stretched string. All sue must have 
nodes at the termination points. x A 
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Lei,/2 Y a f 
or 4, =2L d 
If f is the frequency of fundamental mode of vibration ai » 
is velocity of the wave then we have p £ 
© v 
po = es } 
a, 2L 


i b A 
t The frequency so obtained is called the fundamental freque 
or the first ic of the standing wave. 4 


me string may be made to give out next higher 
tead of the fundamental, without altering the 
ng. This is done as follows: 


Pex rounuvoOpayonoe< 
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toLie. L = a, If f, is the frequency of this mode 
velocity, we have 


f, = 0A, = D/L = 2f, 


and ® is the” 


The frequency so obtained is called the second harmonic or 


w, first overtone. It is equal to twice the fundamental frequency. 
If the string is made to vibrate in three loops, the frequency 
dy of vibration, f,, called third harmonic or secong overtone, is Biven 
1 
by 
ust f, = 3f, 
have 
In general if the string vibrates in n loops, the corresponding 
frequency f, is given by 
a= 78 8.22 
| and 3 
8.13 SONOMETER 


A sonometer Is a practical’application of stretched strings for 
vibrating a portion of the string Into desired number of loop . It 
consists essentially of a thin metalic wire stretched across two 

juency bridges A and B, onthe top of a hollow, wooden sounding box 
about one metre long. One end rf the wire Is fastened to-a peg at 
one end of the box: The other end passes over a smooth frictionless 
orcer pulley fixed at.the other end of the box. The pulley carries a scale 
ength Pan, S, so.that it can be loaded to have any desired tension in the 
String..Tn between the two bridges A and B, there is a movable 
bridge C sliding over a scale to adjust the length of the vibrating 
| we on of the string. Here the bridges A,B,C always form nodes at 
de of -f Ñ$ eir respective positions. If there is no bridge between the bridges 
| A and B, then the Simplest mode of vibration is one in which the 

- Portion of the String between A and B vibrates in one loop only. 
The frequency of vibration of the string !s minimum In this 


ERS This Corresponds to the fundamental frequency. This is de- 
noted by f, 


- Now place the bridge C just in the middle of A and B. 
ee ee eee 
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f V i ae 
The string will vibrate in two loops with a eaueneee 2f,. If the ates 
| bridge is placed in such a position that the string Uibrates In thre com 
| loops, then the frequency excited in the string will be 3f,, and so dina 
on. ban 
All the laws of transverse vibration’of string can be verified that 
using sonometer. If L is the lengthof viberating segment of the ace 
‘String. T is the tension and p !s the mass per unit length of the spri 
B wire, then the frequency produce] in the string is given by Fae 
» x 7 i = a fe 
n n P K =yZ 

naa = aK waa v= T 8.23 a 
; urr 
Wheren=1 23. - Le, the frequencies are integral multiple the 

funda re frequency. The ð = VT represents tne speed 

he string. 


juation shows that 


i 


y produced in the string for a given tension 
nal to its length i.e 


Te 


"ie 
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A second type of waves, called longitudinal 
in which the particles of the disturbed medium 
ent in a direction parallel to the direction of wave motion. 
s e waves are produced in substances wi ¢ elastic and 
compressible like gases and wire springs. So ves are longitu- 
which result from the disturbance Op ‘the medium. The distur- 
bance corresponds to a series of hight and low pressure regions 
that travel through air or through any other material medium with 
a certain velocity. A longitudinalpulse can be easily produced in a 
spring. Fig.8.15 represents a spring whose turns are large and one 
of whose ends ts supported from a hook in the wall. If you compress 
a few turns of the spring near tts left end, these move slightly and 
compress those just-ahead and these in turn squeez together the 
turns still eee thus a pulse. or compression wave, goes along 


a DIruTuUry 


_ human vocal chord and loud speakers: 


‘Next let the left end of the spring by given a-quick pull so that a 
turns nearly are drawn apart for an instant. Then the adjacent turns j 
will be pulled apart, one after another, untill this disturbance rea, | 
the right end. Thus it is clear that any push or pull given tothe Spring | 
at one end is transmitted as a push or pull to the other end, Waves | 
of this sort in which the particles of the transmitted medtum Move 

back and forth in the direction of propagation of the waves are call = 


compressional, longitudinal or pressure waves. 


Sound waves are the most important example of ong 
waves. They can travel through any material medium te) gases, | 
solids and liquids with a speed which depends upon the properties | 
of the medium. As sound waves travel through a medium, the par- 
ticles of the medium vibrate along the directiom of propagation of 
the wave motion. This is in contrast to a transverse wave motion in - 
which the particles of the medium vibraté In a direction perpendic- 
ular to the direction of wave motion. The displacement that occurs 
as a result of sound waves involve thë longitudinal displacement of 
the individual molecules fromthe equilibrium position. This re- 
sults in a series of high and low pressure regions called compres- 
sions and rarefactions, respectively. Graphically the longitudinal 
wave is represented like transverse wave. | 


There arethree categories of longitudinal mechanical waves 
which cover different regions of frequency (i) Audible waves Iti) In- 
frasonic waves and (iii) Ultrasonic waves. 


@Audible waves are the sound waves that le within the range 
of sensitivity of human ear, typically, 20 Hz to 20,000 Hz. They can 
be generated in a variety of ways such as by musical instruments: E 


ble range 


oni: 


press 


is aly 
versa 
mech; 
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ic waves are the longitudinal waves wi 


At the |- yitras th 5 

the ~~ he audible range that is above 20 KHz, They san be gaat 
: tions in a quartz c 

Achey j i q rystal with an applied alternating L: 

ee 

Wave, 

Move 8.15 SPEED OF SOUND WAVES 

alleq = Newton's Formula for the speed of sound waves: 

dina) À As we know, sound waves are compressional waves which 

ines propagate through a compressible medium such as air. The speed 

rties of such compressional waves depends upon the compressibility 


and the inertia of the medium. If the compressible medium has a 


par- 
n of bulk modulus denoted by B and density (inertial property) denoted 
ink by p, the speed of sound in that medium is given by 
dic- 9 =//B/p j 8.24 
urs 
tof The expression given-by Eq. 8.24 1s known as Newton's formula for 
re- the speed of sound waves, 
T Note that the bulk modulus, B, is the ratio of the change in 
pressure, Ap, to the resulting fractional change in volume, —Av/v 
= Av F 
oe B=-Ap/ (F) 8.25 
In- 


Here Av is the change in original volume V. The ratio (Ap/Av) 
Us negative because Av decreases as Ap increases and vice 

ge - This shows that B is always positive. In fact the speed of all 
mechanical waves can be expressed in a general form, 


ts. GSTs eRe See 
k ® = yelastic property/inertial property 


Prea atl > 5 


- ‘ Table 8.1 
ae speed of sound in various ı media ica 


GASES 3 
Air (0°c) 
Air (100°¢) 
Hydrogen (0°c) 
Oxygen (0°c) 
Helium (0°c) 
LIQUIDS at 25°c 
Water 
Methyl alcohol 
Sea water 
SOLIDS 
Aluminium 


Copper 
Iron 


Lead 
Vuleanized rubber 


8,16 LAPLACE'S CORRECTION 


The Newton's formulatEq 8.24) was obtained on the assump- 
tion that the compressiéns and rare-factions take place at constant 
température. Tins kind óf process Is called an isothermal process and 
Boyle's Law is obeyed throughout the change from the initial pres- | 
sure and olame to the final pressure and volume. Under this 

ition the bulk modulus B is equal to the pressure of gas. 


, in a sound wave, the wave motion is so rapi 
is so low that there is insufficient t 


pressure (Cp) to the molar specific heat at constant 
(Cv). The speed of sound 1s thus. y 


=- a= p/p 


This is called Laplace's correction. 


8.26 in the form 


YRT 
v= M 


’ Where M is the molecular mass of the gas In units of kg/ 
mole, n is number of moles Riis. universal gas constant and has 
value 8.314J/mol-K and T is'temperature expressed on kelvin scale. 


Using Eq 8.27 we.¢ani calculate the velocity of sound in air at 
OC. We know air consists of approximately 80% of Nitrogen and 


20% Oxygen. Th masses of Nitrogen and Oxygen molecules are 28 
_ amu and 32<@:m.u respectively. Therefore the mean molecular 
-mass for 


_ mass for air = 0.8 x 28 a.m.u + 0.2 x 32 


_ 8.17 MUSICAL SOUND AND NOISE 


_ Besides this the amplitude of each frequnecy components are 
not 


ð = (332 m/s) x a 


273 " 200 m/s 


We perceive some sound as noise and some n M 
For example the slamming of a door or the rumbli 


considered as a noise, whereas, the sound produced by a piano y 
@ guitar is regarded as musical. These two types‘of sound are repre- 

sented in form of graphical pattems as shown in Fig.8.16 (a) and- 
(6). The Fig.8.16 (a) represents an irregular, non symmetric, ran- 
dom fluctuations producing disagreeable sensation hence called 
noise: The Fig 8.16(b) shows a regular, symmetric and periodic 
fluctuation, which produce a smooth pleasant sensation hence called 
music. The physical difference between these two types of sound is 
better understood by studying their spectra. The spectrum of noise 
and the a o of ńüsical sound are sketched in Fig. 18.16 (9 
and Fig. 18.16 ( pectively the spectrum of noise conta 
frequency ts which are not harmonically related Le. th 
frequency components are not integral multiple of the fundame 


aA Y y Characteristics of a musical sound 


_ Musical sounds or tones can be distinguished from one an- 
the following characteristics: 


a voice as possible (without whispering), the power drops to 
10° W/m’. The intensity levels of the sound at various frec 


< are shown in Fig 8.16, The figure also shows that threshold ý 
ofpainand threshold of hearing. 


(i) Loudness 


It may be pointed out that the intensity of sound Is purelya — 
physical quantity and it can be measured accurately. It does È 
depend upon the auditory sensation of the ear. On the other tal 1 
Loudness is the magnitude of auditory sensation produce 
sound. It depends upon the intensity of sound and as well as it de- 
pends upon the auditory sensation of the ear. A normaħuman ear 
is very sensitive detector of sound. It can record the’ least intense 
sound (10°? W/m?) which is one billionth of thémadmum sound 
intensity that can be heard without pain. Th¢-Joudness of a sound 
does not increase directly as the power delivered to the ear increas- 
es but seems to vary roughly as thé Jogarithm of the power. It 
means the loudness, L, is proportional-to the logarithm of intensity 

) Tie. Læ log I. This is called Weber Fechner law. If 1 and J, repre- 
sent the intensities of two sound,waves, the difference In loudness, 
known as intensity level is defined by the equation 


intensity level = Plog 4- 8.28(a) 


where I, is equal to 10 '” Wm? corresponding roughly to the 
fainstest that can be heard. This is regarded as arbitrary 
geek. taken ten times of 1, (I = 101), then the inten- 
sity level ual to one unit, This unit of intensity level is called a 


bel (B)- 
Ma is a rather large unit, so we usually roles to sound in- 
__ tensity levels in terms of the decibel (dB): 1dB = 79 B- thus 


 Ba10bg Te ss 
ài a Ty =LB=0dB 


ter de! 


ally. 


= 
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“sity level of the note. For a long time 
jation was perfect. But there 1s now no doubt that decibel scale of 
intensity level no more correlates with the subjective Sensation of 
loudness. A power law between loudness and intensity level of the 
note has been proposed, 
; T \o3 
yL= K( is ) Ki 
Where K is an arbitrary constant which can be evaluated af- 
ter defining the unit of loudness ‘sone’. The sone is defined’as 


1 sone = 40 dB at 1000 H, 


+ =10° when f = 40 dB, therefore K = 1/16. 


ja 8.28{c) 


The sone scale of loudness has been recognised internation- 
ally, and being practised. 


7 Ue 
Pe ie ‘1. 


(ii) Pitch 


It is defined as the sensation that sound Produces in the ear 
of a listener and is clearly related to the frequency of sound. Fre- 
quency and pitch are‘both measured in Hertz (Hz). Thus greater 
the frequency the greater the pitch and lower the frequency lower 
the pitch. The pitch of sound produced by various physical instru- 
ments usually depends upon the natural resonant frequency of the 
instrum S is our common experience that sound of a sparrow 
is cause of its high pitch since it has a high frequency. 

the sound of a lamb is grave due to its low pitch depend- 
tog pon its low frequency. 


(itt) Quality 


Quality or timbre is a characteristic of a musical sound. It is 

p enables us to distinguish between notes of the same 

and intensity when played on different instruments or sung 
Voices, Even instruments of the same kind may yield 3 


E 


MUpPSW/WWW.YOULUDE.CONMVC/VIULAI DYTUTUREE 
notes of different quality. For exam 


ple, it is the quality of I 
Produced by two violins which makes great peas in be $ — 
tween the instruments. We recognise the voice of a friend over the 
telephone by quality. 
fund 
Helmholtz was the first to discover the cause of difference in In F! 
musical tones which is called quality. toget 


The difference in the sound produced by two notes of the. im g,16 
Same pitch and intensity ts due to the difference in their resultant 
waveforms. The resultant wave form of any sound is obtained by 


at we D Ga 


The combination or superposition of two waves. (a) the fundamental | 
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W the amplitudes of fundamental and the harrhiontes of 

the given sound. 
The resultant waveforms are formed due to combination of 
ental and harmonics as shown in Fig.8.17 (a) and, 8.17(b). 


In Fig: 8.17 (c) , the fundamental and third harmonic are combined 
together to give a resultant wave form. 


8.18 SUPERPOSITION OF SOUND WAVES 


According to principle of superposition when two or more 
waves in the same (linear) medium travel the net displacement of 
the medium caused by the resultant wave at any point is equal to 
the algebraic sum of the displacements of all the-waves. We shall 
apply this principle to two harmonic waves travelling in the same 
direction in a medium. The two waves are travelling to the right 
and have the same frequency, same wavelength and same ampli- 


tude, but they differ in phase, we can-express their individual wave 
function displacements as 


Yı, = Ay sin {kx - wt) andy, =A, sin (kx- ot- >) 

Hence the resultant wave. function displacement is given by 
yY =y, + y, = A Ísin (kx - wt) + sin (kx - wt - >)] 

We make use of following trigonometric identity to simplify it 


sin æ + sin B = 2 Cos (= BY Sin (=£) 


Let de kx-ot and B= kx-ot- Q, we get 


>” 
GF = (2A, cos) sin kx- ot-2 


2) 8.29 


N 
X There are several Important features of this result. It can be 
ao that the resultant wave function y-is also harmonic and 
The am earn frequency and wavelength as the individual waves. 
ei “hee resultant wave is 2A, cos -7 and its phase is 

If the phase constant $ ts zero, then cos z is unity 


WB 
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seco 


Constructive interference takes place 
Alor where $ = 0. 2x, 4x. ..... 


te direction. We now consider another 3 
pia which results from the superposition of twa aarete Aes 
tly different frequencies and travelling in the samme debut 
Under this condition when two waves are observed at a given Bae 
they are periodically in and out of phase, fe. there is an atena 
ton in time between constructive and destructive interference, 
Thus, we refer to this phenomenon.as interference in time. For ex- 
ample if two tuning forks of slightly different frequencies are struck 
on rubber pad, one hears a sound of changing intensity, called 
beats. Hence we can define beats as the periodic variation in Inten- 
sity at a given point due to superposition of two wave having slight- 
ly different frequencies. The number of beats that one) hears per 
second(or beats) is equal to the difference in frequency between two 
sources. The maximum beat frequency that the human ear can de- 
tect is about 7 beats per second. When the beat frequency (number 
of beats produced per second) is greater than seven, we can not 
hear them clearly. One can use this effect tó tune instrument such 
as piano, by beating a note against avreference tone of known fre- 
\ quency. The string can then be adjusted to equal the frequency of 


the reference by tightening or lossening it until no beats are heard. 


Now consider two waves with equal amplitude travelling 
through a medium in the-same direction having slightly different 
frequencies f, and f,, We can represent the displacement that each 
Wave would produet a point as: 


_ where 7 
; anin- Yı =A, 00s 2r f,t and y, = A, cos 27 f,t 
p Y=¥, +y, =A, (cos 2n f,t + cos 27 f,t) 
ore dë SS =2A, cos ant (f,-f,) cos 2xt (f, +f) 8.30 
ghs of oy? 2 2 
N 
i | SY Here Y, and y, are the instantaneous displacements caused 


_ by the individual wave as shown in Fig.8.19 (a)‘and y is the resul- 


tant displacement caused by the two waves together as shown in 
Pg. 8.19 fb) x 


The resultant displacement has an effective frequency equal 
to the average frequency, (f, + f,)/2, and an amplitude given by 
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ina aire Two waves with slighily different frequencies combine to produce 


S 


A = 2A, cos 2n ( i =A t 8.31 


That is, the amplitude varies in time with frequency given by 
(f,- £))/2. When f, !sclosed to f}. the amplitude variation Is shown 
as illustrated by the envelope (broken line) of the’resultant wave 
form, Fig.8.19 b} 


Note that a beat,fona maximum in amplitude, will be detect- 
ed whenever 


cos 27 aye =z 1 


That is, there will-betwo maxima in each cycle. Since the 
amplitude varies with the frequency as ( f,- f,) /2, the number of 
beats per second, or the beat frequency f» is twice this value. That 


f, = fick 8.32 
4% 
Fo example if two tuning forks vibrate individually at fre- 
quen f 439H, and 443 Hz, the resultant sound wave of combi- 


nation would have a frequency of 441Hz and a beat frequency of 4Hz- 
(The listener would’ hear the 441 Hz sound wave go through an 
“intensity maximum four times every second.) ` 


= 8.20 ACOUSTICS 
= The study of production and properties of sound is called 
264 


(2) 


(3) 


(4) 


(5) 


term is also used to de: 
oduced In practical Situations. 


In general by acoustics we mean Its second Statement which 

is related with reproduced sound So we limit our discussion to this 

hes ent. The reproduced sound may be indistinct and confi 

ey also be clear and distinct. The quality of Teproduced sound 
ds on several factors which we will enlist later on. 


To give a clear concept of acoustics let us suppos 
sound waves are These sound waves 
f the wails, the floor 
ces of various objects 
{s\absorbed by these 


€ result is that we have 
an indistinct and unintelligible sound and hence give rise to bad 
acoustics. 


Conditions for good acoustics 


(1) The loudness of eath separate syllable should be sufficiently 
large. 


(2) The decay period of each syllable should be small so that the 
Succeeding syllable can be heard clearly. 


(3) Echoés-should be Just sufficient to maintain the continuity 
o! ind. 


(4) She hall should have some open windows. Sound absorbing 

A “soft Porous materials like cloth, cork, asbestos etc or heavy 

9 curtains should be Placed in the hall at various places so as 
to avoid much reflection, = 


5) For good acoustics of a hall reverberation should not be too small 


: that will be away instantancously and will give a dead 
effect to the hall. 


'1 DOPPLER EFFECT 

When a source of sound or a listener, or both are in motn. 
relative to the medium (air), the frequency and hence the Pitch $ 
the sound, as heard by the listener, is in general not the same a. 
when listener and source are at rest. This phenomenon is referred 
to as the Doppler Effect. A common example is a train while whic. 
tling passes near you, A considerable change in the pitch ram 
sound is heard: When the train is approaching, the pit the 
sound increases whereas the pitch of the sound decreases when 
the train is moving away. A similar change in the pitchialso occurs 
when moving listener passes a stationary automobile-horm or siren, 


Obviously, there are three general possibilities to discuss the 
Doppler effect, namely: 


I. When the listener is moving andthe source is at rest. 
Il. When the source is moving.and the listener is at rest. 
Ill. When both the source and the listener are moving. 


Ifa). Suppose fhe listener is moving toward a stationary 
Source as shown in Fig.8.20 with speed ÙV: Suppose further that 
the source emits a wave with frequency v and wavelength A = 9/0, 
The Fig.8.20 shows several wave crests separated by equal distanc- 
es 1A (1 wavelength). The waves approaching the moving listener 
have a speéd of propagation relative to the listener 0 + v, Thus the 
frequency i” heard by the listener is 


ECA B+, ~ B+ 


À B/y 


1 (b). Simya. a listener moving away from the stationary 
source (8,<0) hears a a lower pitch and the frequency detected by the 


listener in heme is 


: aa eo) 
fee -(—2)> 


Consequently, the change in pitch in this case is 


a (>) 
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p” Test with respect to the medium and observer is moving through it, 
. is given by 


vnos (Bo = (28). k. 


Where the positive sign refers to the motion toward the 
Source and negative sign refers to the motion away from the 


source. S 


qos 
\ 


Notice when the listener is at rest( 4, = 0), then no change in ` 
the frequency of sound is observed v= v 


II (a). Now consider the case when the source is in>motion and 
moving with a speed, 6,, toward a stationary listener as shown in 
Fig.8.21. The wave crests detected by the stationary listener are 
closer together because the source is moving in’the direction of the 
outgoing wave resulting in a shortening of wavelength. That fs, the 
) wavelength 2° measured by the listener is shorter than the true 
wavelength À of the source (4° < A) ifthe speed of the source is 0, 
and its frequency is v, then during-each vibration it travels a dis- 
tance = and consequently each-wavelength is shortened. Thus the 
wavelength of the sound arriving at the listener at rest Is 


3 ð 0, } 
oS a 


therefore, the frequency of the sound heard by the listner 
(at rest is increased and is given by 


oy 
s 0 { Ov) 
. X (8-9) 
: v = v 8.37 
Ù, 
1-(-8) 


The Eq. 8.37 indicates an increase in the frequency of the 
_ Sound heard by stationary listener. 


URS 


Ustaer 


- 0 


Fg. 8.21 


Iib). On the other hand, if the source moves away from the sta- 
tionary listener, the wavelength ofthe sound arriving at the listen- 
er is greater than the true wavelength A (i.e 4° > 4) ) and the listen- 
er detects a decreased frequency which is given by 


° vd v 
= í“ i 8.38 
(8+ d) (1+2) 


The Eq.8:38 indicates a decrease in the frequency of the sound 
heard by the stationary listener.Thus in general relation valid for the 


listener‘at-rest and for the source in motion with respect to the 
medium is given as 


where the minus sign refers to the motion of the source to- 
the stationary observer and plus sign indicates the motion 
of the source away from the stationary observer. 
Notice that when the source Is at rest (vs = 0). then no change 
the frequency of sound Is observed (Lev =v) 
| > See eS 
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heard by moving listener is 
= (32 ð+ = 


8.40 


TI(b). On the other hand, if source and the observer are moy. 
ing away from each other along the line joining the two, then the. 


j frequency heard by moving listener is e 
ï (Fi D+ 0, woe 9 8.41 

Finally, the Eq.8.40 and Eq.8.41 are expressed together as 

Bt d, ‘a 
DFO LA .42 


Notice that Eq.8.42 reduces to Eq.8.36 when 0, = O ( 1.e. when the 
source is at rest) and when 0, = O reduces to Eq.8.39. Thus the va- 
lidity of the Eq.8.42 is checked. 


Notice when both the listener and sourceare at rest (0, = 0, 
D, = 0), then no change in the frequency of sound is observed 


(v= v). as š 


f Fig.8.20 what happens when the speed of source (ð,) 
r through the.medium is less than the speed of the sound wave (ô) 
i in that i.e. 8, < Now we would like to examine what hap- 
| pens when the speed of the source 8, is comparable in magnitude 
1 

| 


to fð; = 0)? In this case the source keeps pace with the outgoing 
waves in the direction of medium since 0, = 0. These 

waves can never move ahead of the source and they continue to 
. As the process continues (i.e. wave are formed) the pile re- 
farther and farther from the source in the direction 
to its motion. This me because phg ineas PA: 


aan 
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i up now) does not remain true. The speed of the wave propagation ` 
_jgharactertstics of the medium) is no longer the normal phase ve- 
è s Components of the motion perpendicular to the line Joining 

source and observer also contributes to the Doppler effect at these 
ngh . Consequently, a wavefront that is a sheet or plane is 
formed as shown In Fig. 8.22. 


Direction of r vi 

Propagation wa 

of wave front Na 
pikk 


84) 
er as 
8.42 
ien the 
the va- 
=p Fig. 8.22 When the source moves with a speed exactly equal to the wave speed, 
ða ea! the waves pile ùp and form a plance that extends perpendicular to the 
yserved direction of motion of the source. 
Next we would like to see what happens when ù, exceeds the 
CA] wave speed ‘ice. ð, > 0 Obviously, in this case, the source runs 
rce -A 
ave (0) ahead ofithe outgoing waves and in such a case the pile up of the 
uces wavefront which takes the shape of a cone with 


ing object at its apex as shown in Fig 8.23. 


The situation is best explained by considering the source at 
S, (Fig.8.23) at time t = 0, and some later time t, the spherical 
Wavefront. centered at S, travels a distance ot (the radius of the 
Wavefront) Whereas the source reaches at Sp after travelling a dis- 


‘Sst. At that instant the source is at Sp and the waves just be- ; 


Fig.8.23 Representation of a shock wave produced when’a source 
from So to Sn with a speed v, that is greater than the wave speed, v, in that 
medium. The envelope of the wavefronts forms a cone whose half-angle iş 


given by sin 8 = 0/9,- 
} to all other intermediates wavefronts. Al} such tangent lines lie on 
a surface of a cone. hence a cone-shaped wavefront Is formed. The 
angle @ between the direction of travel and any tangent line is given 


by 


ot ð 
sin = at oak 


s 
In aerodynamics the ratio 9/0, ìs referred to as the Mach 
number, x | 
Along the cone-shaped wavefront that is produced by as 
Personic object, the air is highly compressed. This moving sheet o | 
high pressure air is called a shock wave. Some examples are the 
bow from a speed boat on the water when the boat's speed 
the speed of water waves, Jet aircraft (F-16) travelling atā 
speed (ð, > ð) produces a shock wave which results # 
loud explosion or sonic boom. These shock waves produced by S 
t Personic jet can damage building when flying at low altitudes: ® 
‘Supersonic jets for example F-16, Mirage Fighter, Concorde # a 
; m a double boom ts produced because two shock waves © 
ed fwithin time interval of 0.02s) one from the front a 
he rear of the aircraft. 


Gii) 


üv) 


WVE-CONITCIIVIUDCATDTTUTURECUUCT 


d APPLICATIONS oF THE DOPPLER EFFECT 

w The Doppler effect provides a method for trackin, ia datellite, 
Suppose the satellite is emitting a radio signal (i.e an electro- 
magnetic wave) of constant frequency fs. The frequency f, of 
the signal received on the earth decreases as the satellite is 
passing. The received signal is combined with a constant sig- 
nal generated in the receiver to produce beat. The beat fre- 
quency produces an audible note whose pitch changes:as 
the satellite passes overhead. 


(ii) The Doppler effect is used in measuring the speed of auto- 
mobile by traffic police. A “radar gun” is fixed_on police car. 


ton eves An electromagnetic signal is emitted by the.radar gun in the 
ranges direction of the automobile whose speed is to be checked. 


The wave is reflected from the moving automobile and re- 
Unes lie ceived back. The reflected wave is then mixed with the locally 
k “generated original signal and beats are produced. The fre- 


Ormed. Th 
ine is given quency shift is measured using. beats and hence the speed of 
the automobile is determined. 
(ii) Radars (Radio detection and ranging) are commonly used for 
civil and military purposes at civilian airports and military 
; the Mach air-bases respectively. to detect the presence of any aircraft 
(foe or friend) in the airspace by evaluating the range. The 
„d by a s% Doppler Radar based on the principle of the Doppler Ef- 
ng sheet ol fect).is extensively used in the detection of aircraft speed and 
les are the direction. 


oats a dv- VOR (Very high frequency omni Range) is a guiding system 
yelling EN usually installed at the airports to guide the incoming air- 


a : s - crafts toward the location of the airport. Nowadays big and 
f n modem airports for example Quaid-e-Azam International Air- 
4 port, Islamabad Airport, are equipped with Doppler VOR 
: "effect 
orde s whose principle is once again based on the Doppler ¢ 


Wo y and provides air effective and better guiding system to the 
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p 


(vy) 


(v1) 


(vii) 


aircraft. The. electromagnetic signal used here has freq, 
in the VHF range (30MHz - 300MHz). y 


X-rays have been a major diagnostic tool of medicine, but P 
cent years have seen the emergence of an altemate 

which is inherently safer than x-rays: ultra sound. Unlike x 
rays, ultra sound radiations have not been reported to dam. 


age living cells so far. Measurements of internal reflectio + 


of ultra sound have facilitated the diagnosis of breast can S 
and taking the heartbeats of fetuses and newborns, i 


An ultrasonic instrument called Homosonde usesòthe dop- 
pler effect of ultrasonic waves reflected from moving masses 
in the patient. The device is very sensitive fór detecting blood 
flow and measures faint heartbeats in avery noisy environ- 
ment where the use of stethoscope may)not be reliable. 


In similar manner, we can detect.the motion of an objects 
under-water (for example a submarine) by employing sonar 
(ultrasonic waves) based on efféctive use of Doppler effect. 


The Doppler effect for light is important in astronomy. Spec- 
tral analysis of light‘emitted by the elements in distant stars 
shows shift in the wavelength compared to light from the 
same element)on earth. These shifts can be interpreted as 
Doppler shifts due to the motion of the stars. The shift is 
nearly: always toward the longer wavelength, or red end of 
the spectrum, and is therefore called the red shift. Such ob- 
tions have provided practically all the evidence for "x 
ing universe” cosmological theories, which represents 
the universe as having evolved from a great explosion seve 
billion years ago in a relatively small region of space. - 


TORS 
gxi 
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Finc 
the: 


(i) 


(ii) 


The 


Exc 


0.04 
Spri 
brat 


- the mass Is set In motion. 


(i) The applied force ang displacement ais 


pe 
F = kx, therefore eS) 


he 
= On 
SY 
(i) The characteristic frequency is pe 


. 


ae V k 1/2 m 
. 2x m ~ 2% O.1kg ls 
The period of osillation is T = + 


i a = 0.397s 


1 
2.52 Hz. 
Example 8.2 


A body of mass 2kg attached to a spring is displaced through 
0.04 m<ffom its equilibrium position and then released. If the 
Spring, instant is 200 Nm”, (i) find the period and frequency of vi- 


x) y 2g 
N m 

x PT? ek a Te ——— = 0.628s 
: an k ) 200N m 


FVOULUVE.COMICIVIDUATDTTOTE 


(ti) Calculate the maximum velocity attained by the 


The maximum velocity occurs at the equilibrium 3 
: Pos 
when x=0, for any x, pe; a5 


Ù = to (Ê -ôn 
Sowhen x=0, 


% = Omax = t OX, A 
= h105') (0.04) = +0.4ms" ou 7 
(iii) Compute the maximum acceleration 
Weknow a, = -a*x 


the maximum acceleration occurs at the €nd of the path, i.e. 
when x = + Xo, therefore 


amax = + WX, = + (105°)? (0.04) = + 4.0 m.s? 
Example 8.3 p 


A body of mass 0.025 kg attached to-a spring is displaced 
through 0.1m to the right of equilibrium position. If the spring con- 
stant is 0.4 Nm” and its Velocity at the end of this displacement be 
0.4 ms”, calculate (i) The total energy (ii) the amplitude of its motion 
(i.e. maximum displacement) 


(i) Total energy: 

The total energy at any instant during the motion is equal to E 

the sum of potential and kinetic energy at that instant 
1 


Ees + 5 mo" 


= +> 0.4tNm"} (0.1m) + 4 (0.025 kg) (0.4m 


=4x10°u 


"T eoreg 


(the body is momentarily at rest 
E=KE+PE 


E=0+(P Ema | kx? 


kx? =4x10°9 
=] /2x4x10J 
0.4 Nm! 
xX,=0.1414m 


Example 8,4 


A simple pendulum completes one oscillation in 2 s. Calcu- 
late its length when g = 9,8ms? the time period of simple pendulum 
is given by 


gi t 
= 2 — 
T =2x : 
4% 9.8 ms? 24x 9.8 sane 
Sa Tax Ba 

ON 0.992m 

PA 
as 


__Asstring 2 m long and of mass 0.004 kg is st 
yy passing ane et aay and ating 


© 


the acceleration due to gravity = 9.8 m3 
bstituting the various values, we get 


o=] [1x98 
0.004/2 
ð= 70ms! 


For resonance frequencies we know that 


-6 
Un = n — 
a. ot 


For second harmonic (v), ñ= 2 


= 35 hertz 


v 


For fourth h. nic (V4).n = 4 


“Ww=5xU,=5x50=250 * 
mple 8.7 


The speed of a wave on a particular s Fis 24 m/s.lf the 
string is 6 m long, to what frequencies will i te? Draw a pic- 


"ture of the string for each resonant frequeticy. 


As Àn =2l/n wheren=1, 2.804, 5: 


wehave X = =~" = 12m 


4= Ze 56m 


=3m_. 


CRAs the frequency v, 1s given by 


> frequenc of driving system on the spring Is 29 
speed of the v wave in the spring. 


RE Goring is vibrating in four segments, | =2 eS 
i ‘Axl /2=—=2m V 
xs 
Again B=vUxA 
T =20x2 
ð= 40 m/s 


We can obtain the same result from the equation 


ù 
=n 


« 
m gkix20 = 40 m/s 


% 
ıs speed of the wave in the spring = 40 m/s. 


7.8 x 10° (kgm) = sare 


of sound in air is given by 


where B = Bulk modulus and for air 

B = 1.01 x 10 Nm? . and density of air p, 
p =1.29 kg m° Y=141 
therfore > 


1.01 x 105 (Nm) x 1.41) tee) 
Be 129 (kgm) KO = 3-210" ms 


Example 8.10 


t Compute the wavelength of the wave transmitted by a radio 
station that broadcasts on an assigned frequency of 1000 KHz. 


All electromagnetic, including light, radio waves, television, 
ete travel with\a-Speed of 3 x10" ms" which fs expressed in terms of | 


3x 10° ms" 
1000 kHz 


= ( S40 ms" ) S0oHs = 525.8 Hz 
340 ms" - 16.7 ms" 


(b) When the ambulance is Moving away, the frequency | 
rd by you is 
K 340 m/s 


atar eran Gk. 


.6 Hz 


tive cion. by an extemally ani 
20N causing the spring to stretch through 4° 


ODE. CONMITCIVIDUCATDTTOUIURCUUUTY. 
od of oscillation is found to be 0.50 8. 
come to rest, it iS removed, 
be when it comes to rest? 


After the body has 


How much shorter will the spring 


(Ans. 6.21 cm) 
3. A pipe has a length of 2.46m.(a) D 
of the fundamental mode and the 
pipe is open at both ends. Take » = 344 m/s as the s ec of 
sound in air. (b) What are the frequencies determined ‘ue 
the pipe is closed at one end? (c) For the case of open pipe. 
how many harmonics are present in the normalhuman be 
ing hearing range (20 to 20000 Hz)? ay 
Ans. (a) 70 Hz, 140 Hz, 210 Hz 

(b) 35 H2.105 Hz, 175 Hz 

(c) 285-harmonics. 
A standing wave is established in 4420 em long string fixed 
at both ends. The string vibrates‘in four segments when driv- 
en at 120 Hz (a) Determine thé wavelength (b) What is the 
fundamental frequency? 


etermine the frequencies 
first two overtones if the 


Ans. (a) 0.60 m 
(b) 30Hz 
Calculate the speed of sound In air at atmospheric pressure 
p = 1.01x10°,N/nt, taking y= 1.40 and p = 1.2 kg/m. 
: - Ans. 343 m/s 


6. A-sound wave propagating in air has a frequency of 4000Hz. 

Calculate the precent change in wave length when the wave 
dront. initially in a region where T = 27°C, enters a region 
cx ‘where the air temperature decreases to 10°C. 


Ans. 2.87% 


The frequency of the second harmonic of an open pipe (open 
at both ends) \is equal to the frequency of the secondly 
monic of a closed pipe (open at one end). (a) Find the ratio 

the length’ of the closed pipe to the length of the a 
(b) If the fundamental frequency of the open pipe is : 
what is the length of pipe? (Use 9 = 340 m/s)/ 
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‘Ans. (a) 3/4 
b) L open = 0.664m 
L closed = 0.498m | 


A 256 Hz tuning fork 

produces four beats per seco, | 
sounded with another fork of unknown frequency. Whar | 
two possible values for the unknown frequency? ~*~ 


Ans. 252Hz, 260H, 


An ambulance travels down a highway at a speed of 75 mih. 
Its siren emits sound at a frequency of 400Hz What is the 
frequency heard by a person in a car travelling at 55 mi/h in 
the opposite direction as the car approaches the ambulance 
and as the car moves away from the ambulance. 


Ans. 477Hz, 337Hz. 
A car has siren sounding a 2.kHz tone. What frequency will 
be detected as stationary observer as the car approaches him 
at 80 km/h? Speed of sound = 1200 km/h. 


Ans. 2143 Hz 
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Chapter: 9 


Nature of Light 


9.1 DUAL NATURE OF LIGHT . 


The properties and the nature of light was Studiéd by many 
scientists until about the middle of the seventeenth century. It was 
generally believed that light consists Of a stream‘of tiny particles or 
corpuscles. The theory seemed to fit the facts of reflection, trans- 


increased their velocity t.e, higher velocity in denser medium than 
the velocity in rarer medium, 


In 1676, Christien Huiygen (1629-1695), showed that a wave 
theory of light could explain the laws of reflection, refraction and 
the phenomena of double refraction, Two considerations discou- 


agation>How, therefore, could a wave travel through vacuum as 


Propagation without medium was unacceptable. One important dif- 
„erence between the theories was that the corpuscular theory of _ 


light predicated that light would travel faster in a material medium 
than air, Whereas the wave thèory predicts a slower velocity in a 
material medium. The velocity of light could not at that time be 
measured in material, and the decision between the tw. theories 
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Ee The first clear demonstration that light isa wasn pl 
was as made by the English physicist. Thomas Young (1773. 
early in the 19th century. He demonstrated that under 1 


" a 
Propriate conditions, light exhibits an interference behave ap. 


Had Newton been alive at the time, he would have a, 
ed the significance of Young's experiment. Unfortunately, N j 
name had become associated with the corpuscular theo, i 


s 
TY. and aq. 


mirers of Newton blindly supported the corpuscular theory ang ig D 


nored the newly proposed theory of light. The wave theory 


be 
widely accepted in 1880. The first measurements of the velocity of 


light In the medium confirmed that the velocity of light. 
than in a material medium than in Si NER ls 
developments,such as interference and diffraction of Nght led to 
the general acceptance of the wave nature of light. 


In secondary classes, the electrostatic-field of a distribution 
of charges at rest and the magnetic field of.a’steady current in con- 
ductor have been studied. These fields may vary from point to 
point in space, but do not changé-with time at any individual 
point. For this situation these fields'are regarded independent. 


In case, the electric field.and the magnetic field do vary with 
time, then it is not possible to treat the fields independently. Ac- 
cording to Faraday's lawchanging magnetic field with respect to 
time acts as a source-0f electric field, similarly a changing electric 
field with respect to time acts as a source of magnetic field. There- 
fore, when magnetic field is changing with time, an oscillating elec- 
tric field is‘induced in adjacent region of space and when an elec- 
tric felis changing with time, an oscillating magnetic field is 
induced. z 


Consequently, an electromagnetic disturbance consisting of @ 
time varying magnetic field and electric field can be conceived as 
electromagnetic waves which can propagate through space from 
one point to another. These paired flelds are called collectively the 
electromagnetic field. 
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Direction of travel 
S 


Fig. 9.1 At a large distance Jrom the antenna 


In1873,James Clark Maxwell showed that these electtromag- 


netic waves can propagate through vaevum. He obtained a theoret- 
ical expression for the propagation~speed of the el 
waves. The theoretical value of 
was found to be equal to the-s 
(c= 2.998 x 108 ms"), 


ectromagnetic 
the speed of electromagnetic waves 


peed of light measured expermentally 


Thus Maxwell coricluded ‘that light waves are electromagnetic 

Waves. (This can also be expressed by stating that light propagates 
as an electromagnetic wave). These light waves consist of an oscil- 
lating electric field E and an oscillating magnetic field B. Both 
fields are Perpendicular to each other. The mutually perpendicular 
Magnetic and electric fields in the light wave oscillate in unison 
that is! same frequency and identical phase. Both E and B are per- 
_Pehdicular to the direction of propagation of the light waves which 


ws along the x-axis as shown in Fig 9.1. The strength of the electric 


field at the same location and time is equal to the strength of mag- 
netic field, multiplied by the speed of the light. 


t 
Finally, visible light is defined as radiation which can affec 


L 
the human eye. For the particularly important case of visible ugh 
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en, ranges from 7.6 x, 107m (longest vj “ 

$ i - est visi] ety 
4.0 x 107m (shortest visible blue) and the örrea posda red) 

i v ranges from 3.9 x 10'“Hz (longest visible red) to 7S x a 4 
(shortest visible blue) loe 


Fig 9.2 shows the sketch of electromagnetic spectrum, 

f electromagnetic spectrum has no definite upper or lower tina 
Fig 9.2 also displays the name given to the electromagnetic Ml 
in various region of the spectrum and it indicates the w. BS 


avelengths 


Frequency cycles/sec 
10? 10¢ 108 10° 10" 1012 10! 10!8 10!8 10% 102 


Radio Infrared Ultraviolet "Gamma rays | 
10° 10* 10? 1 102 104 10% 1O* 107° 1072 4914 
wavelength metres 


Fig. 9.2 The electromagnetic spectrum. Note that the wavelength and frequency 
scales are logarithmic. 


and frequencies characterizing-each. Taken together they consti- 
tute electromagnetic radiation: 


The wave Theoryof light, however, failed to explain the major 
features of photoelectric effect in which the-efection of electrons 
from a metal surfate takes place when its surface is exposed to 
light. The experiment showed that. 


(i) the Kinetic energy of the ejected photo electrons is inde- 
pendent of the light intensity while the wave theory suggests that 
Kinetie energy of the photo electrons depends upon the intensity of 
the light beam. é 

icy. For fre- 


(ti) For each surface, theré exists a cut off frequen 


quencies less than the cut off frequency, there is no hotoelectric 
effect, whereas according to the wave theory of light. the photoelec- 
tric effect should occur for any frequency of the light provided that, 
light intensity is enough. isojode i 
eee 
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total energy. 


E=hv 


Where h is Planck's constant (h = 6626 x 10” J-s) and v is 
frequency of the electromagnetic radiation. He further proposed 
that when a photon interacts with matter, it behaves as a praticle 
and delivers its entire-énergy tothe individual electron in the ab- 
sorbing surface. 1401921, he received the Nobel-Prize in Physics for 
his theory of photoelectric effect. 


In 192)-=photorm nature of light was Confirmed by AH. 
Compton, which is called compton effect. He was successful in 
evaluating the motion of a single-electron and a’x-ray photon be- 
fore and after collision between them and concluded that they be- 
haved Itke material bodies and possess momentum and kinetic en- 
ergy, 


Millikan who experiméntally verified the Einstein theory of 
Photoelectricuefiect.was. also awarded. the»Nobel prizin 1923. 
These are:several iments which demonstrate without any am- 
biguity that light 18 composed lof photons, The most straight for- 
Hay Photon correlation experiment was reported by Cluster in 
1974, r 


Hull a 
Irigu 


Thus the photoelectric effect and compton effect supported 
fec Puscular theory of the light. 


up o eaiail tteawe BDIrUIUNRNG 
AA à marize 


the discussion on 


wave-like properties. Thus discussion about the nature pf light 


shows that light possesses dual nature i.e, wave-like and particle. | 
like Properties. 


9.2 WAVE FRONTS, HUYGEN'S PRINCIPLE 


In section 9.1, it has been shown that light waves are elec- 
tromagnetic waves. These light waves consist of mutually perpen- | 
dicular oscillating electric and magnetic fields. Both electric and 


magnetic fields are perpendicular’to the direction of Propagation, bi 
therefore, light waves are transverse waves. Waves can be classi- st 
fied as, one dimensional, two)dimensional and three dimensional ic 


waves depending upon the number of dimensions in which they 
propagate energy. 


three dimensional,Consider a ‘single wave’, we can draw a surface 
through all points undergoing a similar disturbance at a given in- 
stant. As time passes, this surface moves along indicating how the 9 
wave propagates. For a periodic wave train we draw surfaces, all of 
whose-points are in the same phase of motion. These’surfaces are 


st 
ta 
Light waves.which emanate radially from a small source are s 
be 
Wi 


called ‘wavefronts’. In homogeneous and isotropic medium, the di- wh 
rection of propagation is always perpendicular to the wavefront. A » 
s i 


line normal to the wavefronts, indicating the direction’ of motion of 
the waves, is called a ray. 
Wavefronts can take different shapes. For éxample, if the dis- 


er, 
turbances are propagated in a single direction, the waves an l tha 
referred as plane waves. Consider a plane normal to the dire hh 
Sa 
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on it. Such wavefronts 


are 
rays are parallel straight lines as aut are avefron 
E 9.3. (a) 


4 Wa) 
Ves 
are 
utu, eleg, Fig. 9.3 (a) A plane wave. the planes re, 
present w ‘ 
H ally $ apart, and the represent rays. (b) spherical are eee < wavelength 
th elec wavefronts, spaced a wavelength apart; Us radial and the 
tric form spherical Shells, 
of p and Jrom the source, however, small of the Wavefronts become nae ; 3 Par out 
ro tion arly plane, 
S Can be sr ‘ bance is propagated outward in all possible directions from a point 


nall source are 


at a given in- 
ating ve w 9.3 INTERFERENCE OF LIGHT 

rfaces. 
i ii rfaces are w In chapter 8, we have studied interference of sound waves 
ju the -Which ts the result of Superposition of two waves. The interference 
dium. A Phenomenon of waves, is a general feature of all types of waves 


Such as sound Waves, mechanical waves, light waves, etc. 
Š Suppose two waves are allowed to superpose upon each oth- 
T, if the resultant intensity of the interfering waves is zero or less 
the intensity of the individual wave, then this type of interfer- 
ence ts called destructive interference. If the resultant intensity of — 
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Light waves also underg 
terference associated with ligh 
bining of the electric 


individual wave. 


0 Interference. Fundamentally, aj in 
t waves arises as a result of the com. 
and magnetic feld vectors that constitute the 


Interference effect in the light waves are not easy to oso 


serve because of the short wavelengths involved (about 4 x 16% 
to 7 x 10m). In order to observe stable interference of light wave, 
the following condition must be obeyed: 


A common method for producing two coherent light sources 
is to use one monochromatic source to illuminate a screen with 
two small slits as shown in Fig 9.4. The light emerging from both 
slits is coherent because a single source produces the original light 


Successive 
wavefronts 


Monochromatic 
light source 


Fig. 9.4 Huyge: s Construction of Interference pattern 


beam and’ the two slits serve only to separate the original ae 
into the parts. Consequently, a random change in the light pre ‘ 
by the source will occur in the two separate beams at the s 

time, and interference effects can be observed. s 


9.4 YOUNG'S DOUBLE-SLIT INTERFERENCE 


t waves from two 


The phenomena of interference in ‘ligh ae 


sources was first demonstrated by Thoms Young in 1801. A 
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BY, js shown In Fig 9.5(a). To obtain two c 
r ent on a screen. which has a na 

on a second ER, 
which has two narrow, parallel slits S 1 and S,. These pers: 
serve as a pair of coherent light sources because site 


Waves comi; 
from these slits originate from the same wavefront and heed os 
always in phase. On a screen placed at some distance away. Young 


aa to found a series of alternately dark and bright parallel bands corre- 
4 o sponding to the position of destructive and constructive interfer.) 
f eht A ence. These alternate dark and’ bright parallel bands are called 
Vat, fringes. That fs, when two light waves add constructively at any lo- 
cation on the screen, a bright fringe is produced and When two 
ight Soury light waves add ey at any location on the Screen a dark 
fringe is produced. 
Screen wih g 


E from Central bright band 
ginal light 
s 
ANN] 
DN 

s 
e p. (a) 
nan dsin ` Path difference 


é 
(b) 


Screen 
C i; 
Y : l 
> Fig. 9.5 (a) Young's two slit interference pattem, (b) A diagram of the double 
slit experiment. 


i t can be 
The quantitative. description of Young's experimen gee 
obtained with the help of Fig 9.5 (b).Light waves with a Eer 
i length, 2, are incident on the pair of narrow, slits S, an which 
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. are separated by a distance d. The interference pa 
sa a a Screen which is placed at a perpendicular d 
Screen containing slits S, and S,, as shown in i: 
Consider a point, P, on the viewing screen, suppose, PENE 


PS, = r, and PS, =r, 


The light intensity on the screen at the point P is the resultan 
the light coming from both slits. Note that a wave coming fro t of 
lower slit S, travels a greater distance than a wave from hee 
slit by an amount equal to the difference between the two 

the difference between PS, and PS, is known as path differen 
from geometry in Fig. 9.5 (b), we get. = oe 


PS, - PS, =(r,-1,) = dsin@ 91 


This path difference will determine whether or not the two 
Waves are in phase when they arrive at the-point P. If the path dif- 
ference Is either zero or integral multiple;of wavelength of the light 
used, the two waves are in phase and _ constructive interference re- 
sults i.e. a bright fringe is produced: Therefore, for constructive in- 


terference 


dsin@ = ma (maxima) 9.2 


Where À represents the wavelength of the light used and m 
stands for the order.of the fringes, that is å 


Me OA], t2, t3.. 


Thepeentral bright fringe at 0 = 0 (m =0) is called zeroth or- 
der madmum. The first maximum on other side, where m = 41, 1s 
called first order maximum and so forth. 


Similarly, if the distance (r, - r,) contains an,odd number of 
half wavelength (i.e.an integral number of wavelength plus one- 
wavelength), the waves will arrive at the point P with their maxim! 
displaced from one another by half wavelength ( x 
the point P the waves will be out of phase and destru 


ia). Therefore, # 
ctive interfer- 


y=y, 
fringe: 


fromt 


FWOULUVES CUOTTCIVIVUUCATDTFUTU -z 
occur. Thius for destructive Interference we hi 
ve have, 


s 1 
snam + 5-1 (hinima) 


ems. tl. 22, 43... se 


positions of the bright and dark fringes 


It is useful to obtain expressions for a 
t and dark fringes measured vertically from O to P. y 
assume that the distance from theslit to the screents much L 
than the distance between the two slits(d << L). In practice L tons 
order of 1m while d is a fraction of a millimetre under these condi- e 
tions 8 iS small, therefore 


sin@ = tan@ 


Positions of the 


In Fig 3.5(5) consider the triangle OPQ we see 


Y 
sinĝ = tan9 = e = 9.4 
multiplying both sides by d we get 
Y 
dsin@=— d 
sin L 9.5 


For computing the positiomof a mth bright fringe we substitute 
Y = Ym and comparing Eq,-9.5 and Eq.9.2, the positions of bright 
fringes measured from thé point O are given by Z 
Ya x < = mh" 
Where y, be the distance of the centre of the mth bright band 
from the centre of the central band at @=0 


o~ AL 6 
an ¢ ™ a 


Similarly using Eq. 9.3, and EQ. 9.5, we find that the dark 


fringes are located at 
NE: 1 9.7 
fe d (m+ ow 


Sy 
a 


As m increases by unit, we get 
AL 
fringe spacing = Ax = S 98 
b As the quantities L and d are measurable, the w. “ 
light used can be calculated. In fact Young used this method to a 
tain the wavelength of light. Additionally, the experiment gave the 
‘wave model of light a great deal of credibility. By 
$ 


9.5 INTERFERENCE IN THIN FILMS O 


AYE NAS 


Soap bubbles and thin layer of oil floating on waterare common poste 
examples of thin films. When light is reflected fromsuch a film, we ee 1 
often observe the vivid colours. These visible colour bands are the og 08 
result of an interference effect. The interference in this case is aifferet 
caused by the interference of light wayéS reflected from the oppo- thickne 
site surfaces of the thin films. We know white light consists of sev- 
en colours hence different wavelengths. Therefore the interference I 
may be constructive or destmictive depending on the phase rela- we exp 
tionship of the two interfering- beams; hence the appearance of col- half in 
oured fringes = 

Incident light Reflected light 
1 


(b) 
seaman 


reibw 51 
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= To Investigate the Interference effect in 
‘ s of ultrathin glass plates Separated bya = We consider- 
oar as shown In fig 9.6(a). The film ha 
is surrounded by air whos refractive index tg 1, 
t light waves are coming from a small 
Monochromatic source of light (thus rel 
traveling in alr nearly perpendicul 


a of an extended 
atively coherent) 
ar to the surface Of the film j3 


In Fig 9.6(a), a line ab represents a ra 
shining on the upper surface of the film, At ť 
gass interface, the ray ab is partially refle 
partially transmitted as a ray bd. On the glass-air intetface at the 
point d, another partial reflection occurs and some of.the reflected 
light emerges as a ray ef. The ray be and ray ef intérfere with each 
other; producing constructive or destructive interference depend- 
ing on phase relationship. For nearly normal ‘incidence the path 
difference between the two interfering rays-(be and ef) ts twice the 
thickness of the film. Thus path difference = 2t. 


y in a beam of lone 
he point bon thair- 
cted as a Tay-be and 


If this path difference is an integral multiple of wavelength, 
we expect constructive interferente and if the path difference is a 
half integral number of wavelength destructive interference will 
occure. 


Unfortunatelyothe situation is not quite simple. First, we 
must take care what actually happens to the phase of rays that are 
reflected and refracted, because these two effects have cirtical 
influence on\the nature of the interference. Furthermore, we must 
Fememberthat we are dealing with two different wavelengths of 
light; the normal wavelength À in alr and slightly different 

ngth in the medium (of refractive index n) which ts labelled 
D, The wavelength in medium is then given by 


A on A p 9.9 


P When 
To investigate what happens to the phase of the rays- 


ble 
fte uniform thickness Of the air film is made a thin film of varia 


thickn, the 
ess (a thin wedge of air), as shown in Fig 9.6(D). Asi 
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“a = 

line where the plates are in contacts, there 1s no path dif 

and we expect a constructive interference (a bright spoty on ‘ee sg 
sis of Young's double slit experiment. But In actual experiment rie 
does not happen. What happened? The Straight forward conclusi s 
to solve the problem is that one of the two rays has gone inde 
Phase change of 180° during its reflection and therefore, the cou 
tions for the production of constructive and destructive interfer. 


ence on their films are reversed. ` 
‘ > 


in Secondary classes you have studied that mechdnica} 
Waves are reflected whenever they come to a fixed boundary. Obser. 
vation shows that the reflected pulse is exactly out of phase (189° 
phase shift) with the original pulse. This phenomenon'is as valid in 
the case of light waves as it is for mechanical waves; therefore the 
tay be in Fig. 9.6 {a} which is reflected at the upper surface of the 
thin film is exactly out of phase (shifted. by 180° or half a cycle) 
with the incoming ray. Refraction has no-effect on the phase of the 
ray and is equivalent to pulse reflecting at the free end- an opera- 
tion that. does not affect the phasé of the ray. Thus the ray ef 


emerges without any change ofits phase. It is important to note up, 
that a light wave under goes a phase change of 180° upon reflec- 
tion from a medium having’an index of refraction greater than the 9.6 NI 
index of refraction of the meduim in which the wave is travelling. An 
We concludé-that only the ray be which is reflected from the n Plan 
7), 


upper surface,of the thin film undergoes phase reversal. The rays 
be and ef which are out of phase, interfere with each other. By vir- 
tue of the phase shift of 180° (phase reversal) in the ray be, the ing Ne 
condition for the production of constructive and destructive inter- the ar 
ference are reversed. Because the conditions for the production of » leng 

constructive and destructive interference in case of Young's double pa The 
slit experiments are based on the fact that there is no phase rever- 


sal in any interfering beam. oh: i 
In the light of above discussion the condition for constructive we ty 


interference can be expressed as as IW 
ONSE > 


FOUMIDE COMICIVIVUCATDITFOTUNCUE 
‘ot = (mtz) Ani m=0 123 _ 


A 9.10 
substituting. 2, = —— We get 
1 
2nt= (m+—)A; m=0, 1 
7 9. A Bikers (maxima) an 
and for destructive interference 
2nt = mì; m=0, 1,2,3... (minima) 92 
In practice, the interference fringes.are not Spaced RoN in 
y 


accordance with these equations because these conditions a 
strictly only to the light that falls on the thin film af angles pe- 
go° (nearly normal incidence). As remarked earliér the Position of 
fringes depends upon critically on the wavelength of the light used, 
it is clear that the position for the bright and dark circles will be 
different for different wavelengths. Hence when white light is re- 
flected and refracted from a thin film produces coloured fi singe 
due to the difference in wavelengths of the colour that is make it 
up. 


9.6 NEWTON'S RINGS 


An air wedge may be formed between the curved surface of 
a plano convex.Jens and the plane surface of glass shown in Fig. 


(9,7). 


This’arrangement produces an Interference pattern consist- 
Ing of anumber of rings centered on the point of contact between 
the lens and the plane surface. These rings are called Newton's 
Tings. The thickness of the air film between the glass surfaces var- 
‘les from zero at the point of contact to some value ‘t at some point 
E. as shown in fig 9.7. 


If the radius of curvature of lens R Js very large as compared 


tact gives a 
the radius r (i.e radius of a ring). The point we, snd 180" 


| circle due to zero path difference at this 
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Fig. 9.7 Newton's rings produced by interference at the alr wedge formed by 
the lower surface of the lens and a plane glass surface. 


change in phase in the light externally reflected at the lower surface, 
The photograph of Newton's rings shows a series of dark and bright 
fringes. These are due to destructive and constructive interference 
using the geometrical theorem that the product of intercepts of 
intersecting chords are equal:-we have 
= (BC).¥-1AB) 
from Fig. 9.7, we rite 


BC’ 12R-1). AB = t 


2 
> of =(2R-t) x (t = 2Rt-?? 
„Eeng small is neglected, we get 
Ria 2tR 9.1300 
Fs |/-2tr ai: 9.130 
ee | 
E Path difference for constructive inter ference in this ap 


Eq. 9.11 


for 


fo! 


fo 


Su 


j At 
for first bright ring (m =0), we wite 


2t, = (04 JIA“ m 
for second bright ring (m = 1), we write 
1 3 
2t, = (° ae =e 
t= (1+ yl Ns x 
for third bright ring (m = 2) G 
oe 
Mt, =(2+F r= SH 


s37 
similarly,for Nth bright ring. (note that N = m+1) we write 


= fag ye) eee 
2ty = (NE) à = (IN Za 


Substituting 2ty in eq: 9.13 (a) and 9.13 (b), we get 


Q 2 
xY 
» y 1 
4 n = RIN- z)? 


ple: 9.1 
If the radius of the 14th Newton's ring is Imm, when 
gth 5.89 x107m is used. What is the radius of ct 
Surface of the lens used? 
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N=14 


à = 5.89 x 104 mm 
Therefore 


P= R (14-1) x 5.89 x 104 
R= 125.7mm 


9.7 THE MICHELSON INTERFEROMETER 


The michelson interferometer was invented by: 


an Ameri mpe’ 
Physicist A.A. Michelson (1852-1931). The Michelson miere i k ges 
> n 
ter played an interesting role in the history of science during the 4 frc 
latter part of the nineteenth century. It has 4 great scientific impor. = c 
tance and had an equally important role in establishing high preci- i 
sion standards of the unit of length. In contrast to the Young's og 
double slit experiment for producing interference fringes which flection 
make use of light from two narrow sources, the Michelson interfe- remain 
rometer uses light from a broad; spread source (extended source). plate C 
late D 
A schematic diagram of the interferometer is shown in Fig f b 
ed bac 
9.8.(a) 
taa 
= Ke 
pm source (i 
mirror. 
c D 7 
Beam ) Y (compensator) 
plate 4 M 
splitter, r; A 
vg Litw 2 
Eye 5 MY 
Fig. 9.8 (a) The Michelson interferometer. bos 
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It consists of two highly pol, aS 
qhe mirror M, 1s fixed where TETEA amisi M, and M, 
‘shown in the diagram. In addition to this, it as F yi ls 
which has a thin coating of silver on its right side. ie Plate C 
silvered plate is called beam splitter and is inclined at andea 
relative to the incident light beam. It has also another e am 
which is identical to the plate C except it is not silvered, yi » 
pose 1S to ensure that the beam 1 and 2 pass through the A 
thickness of glass as shown In Fig 9.8.(a) Therefore, it is known ane 
compensating plate. This is particularly important whenwhite light 
fringes (coloured fringes) are desired. A monochromatic beam of 
light from an extended source of light A falls on the half silvered 
plate C. Part of the light is reflected from the silver surface of the 
beam splitter C (at the point p) to the movable mirror M,. After rè- 
flection at M, it returns to the observer'scye through the plateC. The 
remaining part of the light passes through silvered ‘surface of the 
plate C, continues its Journey, passes through the compensating 
plate D and finally falls on the’ fixed mirror M, . The light is reflect- 
ed back from the fixed mirror M,. It passes through the compen- 
sating plate D on its return journey and finally it is incident on the 
silver surface of the-plate C from where it is reflected to the observ- 
er's eye as shown in the Fig.9.8(a). After reflection from mirror M1 
and M, , the'two beams eventually recombine to produce an inter- 
ference pattern which can be viewed. i 
The interference pattern for the two beams is determined by 
the difference in their path lengths L, and L, as shown in figure. 
When the two beams are viewed as shown, the virtual image (say 
M,) of mirror M, is formed by reflection at the siivered surface of 
Plate C coincides with the mirror M, provided L, 1S exactly equal to 
L, and the-mirror M, and M, are kept exactly at right angles. pe 
and L, are not exactly equal, the image of he. M m 
Placed slightly from M, (still parallel to one another); and : 
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gle between the mirrors is not 
the mirror M, makes a slight an; 
the mirror M, and the virtual image M 
the same manner as the two surfaces 
sort of interference fringes result from 
Surfaces. The effective thickness of the air film is varied by moyn. 
mirror M, parallel to itself. Under these conditions, the interferen. 

pattem is a series of bright and dark rings, if the extended Krais 
monochromatic. If a dark ring appears at the centre ofthe interfer. 
ence pattern, the two beams interfere destructively.Jfà bright ring 
appears at the centre of the interference pattern, the two beams in. 
terfere constructively. 


Suppose the extended source ismonochromatic of wave- 
length 4, and the mirror M, Is then moved a distance 1/4, the path 
difference changes by 1/2 (twice:the separation between M, and 
M,) a dark ring will appear again at the centre of the interference 
pattern. Thus, successive dark and bright rings are formed each 
time M, is moved a distance 4/4. The wavelength of light used is 
then measured by counting the number of fringes shift for a given 
displacement of the mirror M, If the displacement is represented 


by x, then - 


at or Ae 2X 
A) 2 m 


ifm is several thousand, the displacement x is large enough 
so that it can be measured with good precision, and hence a pre 
cise value of the wavelength À can be détermined. A common type 
of Michelson interferometer used in laboratories is shown in Fig: 
9.8 (b) - 


an opaq 


tween a | 
cle is for 


ing : 
(i) 


[a 
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‘ Movas, 
mirror M, 


i Beam 
iy splitter Compensatory 
Plate 


the pi 8 
ta tng 
at 
Be bean Fig. 9.8 (b) A common type of Michelson interferometer: 
| 9,8 DIFFRACTION 

atic Of ya, According to the principles of geomettical optics, if we place 
1/4, the bat an opaque object (an object through whith light cannot pass) be- 
ween M, tween a point sọurce of light and a Screen. a shadow of the obsta- 

2 and cle is formed on the screen. In addition, we also observe the follow- 
“ interfereny ing : 
formed each () No light reaches within the geometrical shadow of the 
light used is obstacle at thescreen. 
ft for a given | (ii) Outside the geometrical shadow the screen is uniformal- 
represented ly illumfnated. 


Fig. 9:9’shows the shadow of a razor blade placed between a 
| Point source of a mono-chromatic light and a photographic plate. 


rge enog I Si 


. 9, by mon- 
Ad 9 The shadow produced when a razor blade is illuminated by 
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S to what we have observed earlier (no light reac! 

E geometrical shadow), we observe that near the es wh | 
-shadow a pattern consisting of bright and dark bende aa the: 
This leads to conclude that some of the light has ends a 
geometrical shadow. "The bending of light around an ps; 
called diffraction.” Onstacle 1y 


The bending of light i.e. the diffraction effect depends 4 
the size of the obstacle. Diffraction effects are larger only when 
deal with obstacles or apertures comparable in size to the wars 
length. Usually the diffraction effects are small and must be Todkeq 
carefully. 


The phenomenon of diffraction was discovered:by Franceseg | 
Maria Grimaldi (1618-1663). The diffraction effeet was known to 
Newton (1642-1727). but he did not see in it ány Justification for a 
wave theory of light. Huygens although believed in wave theory of 
light but did not believe in diffraction phenomenon in light. Fresnel 
(1788-1827) correctly applied Huygen's principle to explain the 
phenomenon of diffraction which ‘could not be explained on the ba- 


sis of ray optics. 
Diffraction effects are classified in two types. 


FRESNEL DIFFRACTION 

When both«the point source and screen at which the diffrac- 
tion pattern is formed are kept at finite distance from the diffract- | 
ing obstacle,the wavefronts falling on the obstacle are not planei | 
the corresponding rays are not parallel. Similarly the wavefronts | 
leaving the aperture or obstacle to illuminate the screen are not 
plane as shown in Fig.9.10{a). This situation is desogbed as Fres- 
nel diffraction. = 


Ag 92 
FRAUNHOFER DIFFRACTION ; cated 
; If the source and the screen on which the diffraction ae le 
is formed are removed at a large distance, so that the correspond” “ag 
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te? 
re 


parallel to cach other and the 
Bt is described as Fraunhofer 
situa 


diffraction, 
is simpler to treat analytically a 
n 
actio) 


nd 


Second lens col- 


them at a point on 
en as shown in Fig. 9.10( b and c) 
e 
the scr 


ved toa 
screen C are mo ipraction 
and unhofer d o 
diffraction. (b) garai zo fa Prau hofer dacar 
Fg. 9.10 (a) Fresnel action Maa action. (a 
large distance, Euron ne leaning SO 

conditions produc 

nal positions, 


B a 


le Slit experiment 
E To understand how dark and bright bands appear in the ap 
ki fraction pattem Inside the geometrical shadow of an Obstacl Y 
aperture, we consider a Single slit which Is gradually narrowed 
_ Steps as shown in Fig. 9.11. As the slit gets narrower, the d >: 
Bence of the diffracted light increases from the slit (ie, bendi: : 
around obstacle or aperture increases). In addition, it produsa g 
pattem of light called diffraction pattern as remarked earlier, s 
centre of the diffraction pattern is bright since. the light from ay 
parts of the slit arrives in phase producing maximum intensity due >. 
to constructive interference. Single source (i.e. single slit) interfer> 
ence is referred as diffraction and occurs for all kinds of waves: J 


Fig. 9.11 Diffraction pattern of a slit showing the effect of reducing the width 
of the slit. 


Consider a set of parallel rays fall on the slit of width a. The 
light bends,around the edges as shown in Fig.9.12. we divide the 
slit into halves. Mark of equidistant points above and below 


_ the centre of the slit such as c- c’, d- d’, e-e’, f-f,... ete. Sup- 
_ pose the path difference (p.d.) between the rays from the two edges 
of the slits is one‘wavelength (1A) as shown in Fig 9,12,.(a) 


Obviously the path difference between the rays from the cen- 
point Cand C from the upper edge of the slit 1s A/2 (Le. 180°). 
two rays are out of phase and cancel each other. Similarly the 


i a 308 


DUDE CONTCTIWIDOATDTTOTG 


Min Kia Max, Mia, 
4 ha 3 
x Lo, | 
A A 
ta) (b) i” 


Fig. 9.12 We can obtain the directions of the maxima dnd minima in a dyf- 
fraction patiem by dividing up the slit and considering:it as a case of inter- 
Jerence. 


rays from the corresponding pairs cf polfits d - d’, e — e, § = 
ete,... from the lower and upper half ofthe slit cancel in Pairs and 


produces zero intensity in this particular direction. If the angle in- 


creases so that the p.d. between the edges of the slit is $ Kà 


peak in the intensity occurs, 

This is best understood by dividing the slit into three equal 
parts as shown in Figy9:12(b).The light from the upper edge and the 
central parts interfere destructively. as seen earlier and produces 
zero intensity. Light from the lowest third part is transmitted un- 
cancelled and.results in producing a peak in intensity. Fig. 9.12 
(c.d and e}'Show the path difference is 22, 3A. . 32. and the corre- 
spondirig`to each path difference, we get zero intensity, maximum 
interisity and zero intensity respectively. 


Ro Consequently, (using figure) we can write 
~ ; 
asing= 0,4 5 ALt S-A, 7 2... (for diffraction 
maxima) 9,15 


re .»» (for diffraction 
DER AA, E2, EIA, E Ti Mot Giaa 


O asinde mÀi;m=tt, t2,t3. 9.16 b) 
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Wh gna 
g.14 A 
Asche 
pg: 9-14 = 
tween two c 
Sine # sg 
Fig 9.13 (a) Photograph of the diffraction pattern produced by a single slit | the grating. 
ee, by monochromatic light. (b) intensity graph for this diffraction | can be usec 
| ire 
The central m=0 maximum-is. very bright since all the wave- | gg 
lets have nearly the same path length and are in phase. The dif- pene ine 
fraction pattern produced by Single slit and the intensity graph for The p 
this diffraction pattern when illuminated by a monochromatic light | ifdiffer by o 
is shown in Fig.9.13. Sohatractiy 
9.9 DIFFRACTION GRATING the path dif 
to 
Suppose that instead of a single slit or two slits side by side, d sing sh 
we have a-very large number of. parallel slits, all with the same For ¢ 
width and spaced equal distance apart such an arrangement Is Call tt zerg 
called a diffraction grating. By using large number of slits, the 1 : 
tensity and the sharpness of lines can be increased. enabling the The | 
wave length of the light to be accurately measured: d sin 
t 
A diffraction grating is a very useful device for analysing ne | The 2 
sources. A diffraction grating consists of a piece of glass with ™ d 
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_ per of parallel lines marked on it, Th ; 
= transmit light and act as Slits. Pee pecs Strips betie 
: perem has a slit spacing d equal to 1. OT With 6000 Iines 
m. 


Fig. 9.14 A diffraction grating. 


A schematic diagram of plane diffraction grating is shown in 
Fig: 9.14 where b is the width of slit and a is the separation be- 
tween two consecutive slits. (a+ b).=d is called grating element. A 
parallel beam of light from the monochromatic source is falling on 
the grating, which sends outwaves from each slit. A convex lens 
can be used to bring the waves together at a point along certain 
definite directions, waves, of a particular wave length from adjacent 
slits are in phase and-reinforce each other. 


` The parallel rays of light after diffraction through the grating 
if differ by one wave length when they arrive at p, they will interfere 
constructively. The condition for constructive interference is that 
the pathodifference between two consecutive waves should be equal 
toataing shown in Fig: (9.14). 


V i ; 
‘À For the central maximum there is no path difference, so we 


call it zero order: 
The Ist order maximum occurs when 


The 2nd order. maximum occurs when 
dsin o = 2). 


h order maximum 
nk: = +1,42,43 


nple : 9.2 


A diffraction grating with 10000 lines per centimetre 


1; 
S - minated by yellow light of wavelength 589 nm. At what angle, ; = 
= the Ist and 2nd order bright fringes seen? 
b j Solution K 
` AY 
d sin@ = mÀ S 


pig? 
for first order m = 1 
-9 
sin@ = mA\d = 1 (589x 10°) / / 10000 x Ù” 100 = 0.589 cons 
sin@ = 36.1 degrees p each 
d from th 
For second order, m = 2 ence betwe 
Sin@ = mA\d = 2 (589 x 10°}/,(P/10000 x 1/100) = 1.178 It ca 
This number is larger than l and so sing does not represent BE i 
any rational angle. planes of t 
sing, Now 
Hence only the 1stófder appaers for this wavelength. ence is an 
9.10 DIFFRACTION OF X-RAYS THROUGH CRYSTALS 
X-rays He electromagnetic waves. They have short wave length kh This 
of the order of 10 x 10°*° m, therefore it is not possible to produce wih : 
interference fringes of X-rays by Young's double slit method or by Wray. 
thin film method. The reason is that the fringe spacing is given by hoya 
4. L and unless the slits are separated by a distance of the order aj 

of 10 x 10m, the fringes obtained will be closed ioe that they ‘ leo 

cannot be observed. - p Fi 
id Wag tOr 
However, it is possible to obtain xrays ‘differaction by ma tay. Bro 


unifor- 
r Rane we of crystals such as rock salt in which the atoms are 


Consider a set of parallel lattice planes having spacing d be- 
tween each other shown in Fig. 9.15. Consider a and b rays reflect- 
ed from the two layers separated by.a,distance d. The path differ- 
ence between the two reflected rays,is, LB + BC (see Fig 9.15). 


It can be proved 


BC = LB = d sin „Where d is distance between the atomic 
planes of the crystal. Therefore the path difference (LB+BC ) = 2d 
sin®, Now the waves will interfere constructively if the path differ- 
Ence fs an integral multiple of the wave length. 


a3 mi‘ 2d sin@ 


This felation is called Bragg's Law. The spacing of the atom- 
à of crystals can be found from the density and atomic 
t. Both m and @ can be measured and hence the wave length 


s can be determined from the above equation. Conversely it 


that light has a wave nature. However 


5 


Transve 
Gaie m ay Naire of light make it possible to prod 
apt Pen ght. To clarify this let us, first consider ae 
nears © waves. Consider a stretched string al ea 
trans rse wave is passi nga z 


ng. The 
perpendicular to the isn bY Particles of the string are vibrating « 


the string. If a block s 
a slot in it is placed over the stri 7 aca bw ae 
-e alaa ng. the vibrations are not affected 931 oul 
ene S parallel to the direction of vibrations as she mae “a 
ssi ® (b). However, when the slot is at right angle spe F 
cuon, the vibrations do not pass. ý pono 
„hich nas 
1, Itres¢ 
in to ¢ 
9, Itabs 
other 
The plane 


through a tour 
placed parallel t 
llis also tran 


Fig: 9.16 (a)The trarisverse vibrations on a string are not affected if the slot 
ts (a) parallel to the direction of vibration. 


(b) The vibrations do not pass through the slot (b) if it is held perpendicular to 
the direction of vibration. 


A beam of light from the normal source contains large num- 
ber of waves. The direction of whose vibrations is completely differ- 
ent. This is shown in Fig: 9.17(a) The beam of light is said to be 
polarized; if un polarized beam passes through a polarizing sheet 
known as polariod. Unpolarized can be represented as two wea 
polarized beams at right angle to each other as shown in Fig: 9.1 
(b and c) 
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ar 
w | 


End-on 


Side view 


LS eee ee 


À 


S 
lights ter Polar- 


Fig 9.17 (a) unpolarized ordinary light. (b) plane polarized 1 
ized perpendicular to paper. 


Polarization depends on a parallel arrangement of crystals. 
which has two effects on the light. 


1. It resolves the direction of the vibration of the light wave 
in to only two directions mutually at right angles. 


It absorbs one of these. components and transmit the 
other as in Fig: 9.18: 


The plane polarized<light can be obtained by passing light 
through a tourmaline crystal. When two tourmaline crystals are 
placed parallel to each other the light transmitted by the first crys- ~ 
tal is also transmitted by the second crystal. When the second 
crystal is rotated through 90 degrees, no light gets through. The 
observed effect is due to sclective absorp: n by tourmaline of all 
light waves vibrating in one particular plane, the second crystal is 

| known.as analyser and the first crystal is known as polarizer as 
» | Shown in Fig: 9.18, 


The method of polarizing the light discussed above Is called 
Polarization by selective absorption. However. light can be po 


zed by other methods like reflection. doublerefraction and scatter- 
| of light, - 


Polarization of light has many technical and scientific appli- 
In dally life. These include + — 


ye COT ie oy oTruTU 


1. 


2. 


Figure: 9.18 


Polarizer 


Analyzer 


Polarizer 


1. The determination of the concentration of optically ac 
tive substance such as sugar. 


2. In photography it is often desirable to enhance the ef- 
fect of sky and clouds. Since light from the blue sky is 
partially polarized by scattering a suitable orientated po- 
larizing disc infront)of the camera lens will serve as a 
sky filter. 


QUESTIONS s 
Distinguish ‘between diffraction and interference. Can there 
be diffraction without interference, and interference without 
diffraction ? 


Deseribe and explain the interference effect produced by thin 
films an observer sees red colour at. certain position in an oll 
film would other observers also see the red colour at the 
same position? = 


= hat 
Consider YOUNG'S double slit experiment and en 
the following parameters have to do with the light 


‘tion on the screen. 


{a) Distance between the slits. 


. Why are the fringes circular and i in 
r k? Would the point of central spot appears dark 
with the help of transmitted light? gk 
.  piscuss the statement that a diffraction 
5. will be called an interference grating? 


For a given family of planes in a crystal, can T 
of incident X-rays be: enga 


grating could É l 


(a) too large or K 
(b) too small to form a diffracted beam? 


What do you mean by plane polarized light? How does the 
phenomena decide that light waves are transverse? 


8. Why Maxwells discovery that light was an electromagnetic © 
wave is so important? 


_ Which of the following can occur in (a) transverse and 
(b) longitudinal waves? 


Refractiosf; iene Interference, Diffraction, and Po- 


ai fringes will pass a reference point if the Po 
r of a Michelson‘s interferometer is moved by 0.08mm. 
cee eneth of light used is 5800A. 


nm and the fringe spacing is 0.31mm at 
from the slits. Find the wavelength of | 


OS Carne DT 


4. 


6. 


Té: 


8. 


9; 


- What 
the fringes ÎS the wavelength of the light 


Green light of w. (Ans. 5 


avel ” 46x19, 
having 2000 lines er 5400A° is diffracted by Baty 


(a) Compute heen 


ula; 
(b) Is a 10th order Bular deviation of the third order 4 


image possible? Mage, 


Ans. (a)189° (b)Imp Ossity 


Light a 
a of a wavelength 6x107 m falls normally ona diradi 
rating with 400 lines per mm. At what angle to the ho tee 
re the Ist, 2nd, and 3rd order spectra produced? as 
Ans. 13.993998.7°, 46.1°) 
If a diffraction grating produced a Ist order spectrum of 
light of wavelength 6 x 107 m at an angle of 20° from the 
normal. What is its spacing and also)\calculate the number of 
lines per mm? 
(Ans: 1.7510 mm, 5.7 x 10? lines /mm) 


Newton's rings are formed between a lens and a flat glass 
surface of wavelength 5.88x107 m. If the right passes 
through the gap at 30° to the vertical and the fifth dark ring 
is of diameter 9mm. What is the radius of the curvature of the 


lens? 
(Ans. 23.8m) 


t are the diffracting planes in a NaCl crystal for 


How far apar 
g angle of 


which X-rays of wavelength 1.54A° make a glancin 
—Ts° — 54 in the lst order? 


(Ans. 2.814) 

the 
A parallel beam of X-rays is diffracted by rocksalt aes Ee pi 
1st order maximum being obtained when the gan Its cen 
of incidence is 6 degree and 5 minutes. The distance ‘al t bo 
the atomic planes of the erystal is 2.81x107°m. Caleu Ns a 


“wavelength of the radiation. 
ae ns. 0.5952 X 10" | 


pe = A 


(A 
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Chapter: 10 


10.1 LENSES 


A lens is a piece of transparent material that can focus > 
transmitted beam of light. This is usually bounded by two sphert- 
cal surfaces, or a spherical and a plane surface. For our Conven- 
fence, we will deal with thin lenses in this chapter. Basteally lenses 
fall into two categories, converging or convex lenses, and diverging 
or concave lenses. 


Fig: 10.1(a) Double convex lens (b) Plano- convex(c) concavo- convex 


(d) Doublecóncave (e) convexo- concave (f) Plano- concave 


A convex lens is thicker in the middle and thiner at the e 
es, converges light rays towards its optical axis, (the line a : 
its centre of curvature), so that a beam of parallel rays papi 
at a point F (Fig: 10.2). For example in bright sun ia a oe O 
lens may produce a spot of light intense enough to aa ee edg- 
concave lens which is thiner in the middle and thicker 
es bends rays outward from its optical axis Fig. 10.3. 


O 
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Fig: 10.3 


The point F to which the-rays are brought to focus is called 

the principal focus or the focal/point, and the distance between the 
optical centre of the lens<and its principal focus is called the focal 
length. Conventionally\Ms taken to be positive for convex lenses 


and negative for concave lenses. 
} 
- 10.2 IMAG RMATION 
Se seen that in case of a convex lens light rays from a 


Wi 
distant point on its axis arrive parallel to the axis and meet to 


image at the principal focus. Rays from other points fom 

se locations can be found graphically, if the focal length 

nown. However we cosider only three rays out of them 
determine the location of the image as 


: q 
" Fg: 10.4 Location of the rays in case of a convex lens 


V 

Fig. 10.4 (location of the rays in cage of a convex lens) in 

ray diagram. Three rays are drawn from th 

ha es e tip of the object as 
(i) The ray 1 leaving the tip.of the object parallel to the ads 


is refracted by the lens so that it passes through the prin- 
cipal focus F on theother side of the lens. 


(i) The ray 2 passing through the principal focus F emerges 
from the lens’parallel to the axis. 


(ili) The tay 3 passing through the optical centre of the lens 
remains unchanged in the direction. 


Th locaton of the image when an object is placed before a 


P 4 
concave lens is shown in Fig. 10.5 . Convex lenses yield real image 
except for the case when the object is placed between the principal — 


s and the lens as shown in Fig. 10.6, Concave lenses field 


y Y Image 


description 


real 
inverted 
dimended 


fig. 10.8 


As shown 
‘Kae similar, 


3 THE THIN LENS FORMULA 


am 
hin lens formula can be developed from the ray diag" 
10.8. 


ance from the optical centre of the | 


iT 
air) ptical Lt ADA) ¥ 
by gq. The Picotto ae convent, F the im- _ 


is pis k + ve for any real obedi, 
~ object distance ~ ve for any virtual object, 


a ; + ve for a real image, 
Image distance q is ~ ve for a virtual image 
j + ve for a convex lens 
Focal length f is - ve for a concave lens 


sider an object whose real and inverted imag 
Con 


ed by a thin convex lens as shwon In Fig 10.8. 
form 


— 
a { 
Í 


q —:; 
——_—_—_——_——— 
Fig. 10.8 


angles OPX and 
As shown in the’figure the right angled triangle 
19X are similar, tijertfore we can write 


10.1 
A op PX Pp 


p a O a 
ae similar. 


-a 


ge 


<i 


A ’ | 


WwW yUULUILe. 


oe 
a, J, 
This is known as the lens equation or lens for, : 
manner, we can obtain lens formula in case of a 


© Consider the Fig. 10.9 , the triangles OPX and 1OX are 
_ lar, therefore 9 


j oe Fx p y3 
Oe o a S 10 


P 
Similarly A A XF and 4 1QX are similar, therefore 


P 10.7 


sign convention, the above ¢ 
=, ap Wation becor 


a 2 + 


ma GS 


fot COMBINATION OF THIN LENSES 


In most of the optical instruments two or more lenses \ 

sed in combination. The location, size and nature of the final'im- 
can be determined by using the lens formula or ray diag 
jn either case, we locate first the image formed by the frst PER 
ysing that image as the object for the second lens, the final image 
formed by the second lens can be located. If therë are more than 
| wolenses, this process is continued; the object for each lens is the 
image for the preceding lens Fig 10.10 


L 
Object 2 


Py. 10.10 .. 


_ Referring Fig. 10.10 we can see that Jens L, forms an image 
a image acts as a real object for the Lens L,, which forms a 
| image I,. Notice that I, is inverted with respect to 1, and erect 
respect to the object. 


| We shall now consider the case when the two thin a 
Dated to ax ich means their separation is very small as 


a to their focal lengths. This is illustrated in Fig. 10.11 


a e Jj 
Sa —— — 


= —S 


int object O be placed at a distance P fr R lend 


image 1, is formed by it at a distance From the 


> L 
aoe 
=) Where í, is the focal length of len€)L 


ik, 
Pp 


as its distance frome lens L. If the lens L, forms an image 
is a object distance q 


SA ae 
a, 4Sa f 


2 
-ii is virtual for lens L,, 1.e Po a-d) 


Eq. 10.8 and 10.9 , we get 


pg: 10.12 


This close combination behayed-As a single lens whose focal 
is given by the above relation. 


The Eq. 10.13 shows;that for a pair of lenses in contact the 
sum of the reciprocals of their individual focal lengths is equal to 
the reciprocal of the focal length of the combination. 


a OY 
10.5 POWER OF LENSES 
if ences with focal lengths f, and f, placed in contact 
eath other are equivalent to a single lens with a focal length f 
ly 1 a + $ the power of the pair of lenses is P=Pi+ PS 


hu $ the powers of lenses in contact are simply added to find the 
meant power of the combination. 


S ABERRATION 


There are two main detects in the Image 


-T eeN 


) 


ac. (328 


— to reduce spherical aberration when Possible (An Pert 
-S an opening that controls the amount of light ce ing 
through the lens). ton 


Fig: 10.13 (Spherical aberration) 


The fact that different wavelengths of light refracted by lens 
focus at different points give rise-to chromatic aberration. 


From the lower diagram we see that the focal length of violet 
light is less than that of-ted light. Other wave lengths (not shown 
in figure) would have.different focal points. This defect is called 
chromatic aberration: This aberration can be reduced to a greater 


violet A Ue mage bioverteg 
eslang, then th 
e 
Mel g 
5 violet ma 
5 Mey p 
Fig 10.14 chromatic aberration S this m 
y, eny Jus, 


de from 
extent by the combination of convex and concave lenses ma 
the different type of glass. 


A typical object and image linked by a 
wn in fig 10.15. The AOPX and AIQX are Similar and 4 


“^ Magnification = ʻ 


» 
he image is inverted and if p and qare both positive, Y’ and Yhave 
pposite signs. then the formula for magnification becomes: 


ae 
P 


F vape 


ne greater is he a 
mated in Fig 10.16 where ent Se 
sitions will appear to be of differen, 
the distance of the object from the Slzes a 
visual angle consequently It will appear be the 
1¢ fine details of a small object, we bring jt Pi 
possible, thus increasing the visual angle anq Phi, 
eal image on the retina of the eye. But we know toa 
n cannot see clearly an object if it is closer than 


oO 


E? 


i te 


R> 


ê 


Pe 
j 10. 111b) 
10.16 phere 1 
teast d 
distance of distinct vision, d i.e, 25 cm. A convex lens helps us H and Ê 
e the details of an object by bringing it closer than 25cm. it nA 
a convex lens is known as)magnifying glass, or simply a mag 1 trough | 
How calculate the magnifying power or angular magnification tebre 
magnifying glasswhich is defined as the ratio of visual angle tan q 
ended by the image seen through a magnifying glass to the vis- ; 
ingle subte by the object when placed at the least distance ‘tan o 
net vision, when see through naked eye. 
der a small object OP which is placed at a distance P EE 
focal length of a magnifying glass 'L' such that its erect: ntig, 
í 


magnified image 1Q is produced at the least distance of 
as shown in Fig. 10.17 (b). The magnifying po“ 


10.14 


10.17(b) 


fi Where « is the visual angle subfended by the object when 
placed at least distance of distinct vision, when seen through un- 
aided eye and f is the visual anglesubtended by the image seen 


therefore 


a= a since & is small 


B = tanB 


= OP 
P 


pstituting-values of a and P from Eq: 10-15 ans i 
angular magnification 1s 


= 


at) viz +1 


ag a 
bstituting this value of —5- in Eq. 10.17, we get ww 
DA 


A chess piece 4cm high is located, 10 cm, from the converging 
whose forcal length is 20 cm. What is the nature size and loca- 


n of the image? 


= Solution:- <, 


"BH - ` > "es - 
The object is een the focal point and the lens. The image 
ce is foun using the lens equation 


NPS OULUveS CONMVCVIVUAIDTFUIURCUUUTY 
qhe magnification is given by 


ory’ = MY = 2x4 =8cm 


mhe magnification is 2 in this case, with final re 
om. ThE positive value of image size means that the in Rey 


grample 10.2 
How far from a convex lens whose focal lengthvis’ + 20 cm 
must a specimen of a Red Admiral butterfly be placed if its image 


10, be a real one, three times as large as the object? 


is to 
Solution:- 
| Although we neither know. the distance of object nor 
Onvergng that of the image.we can relate p and q from the magnification 
and lor. formula.Since the real image is inverted, 


ie y = 3y, the magnification is given 


he image 
Hence M a aq = +3p 


P 
The ve sign is necessary since the image is to be real and 


therefore inverted. Now using the lens equation 


AS 
i ek = 1 
a T 
1 1 1 
or i 
P t3 = 20 
ett 341 


= + 2, as the image is erect 


=+2 or q = -2p 


P =10c 
e object is 10 cm A iron the lens. Usir 


oe at a distance of 60 cm from a concave 
cm. Find the position and nature of the im- y 


A is 


0 aS 
z em D wr 
Bi 


S JA ETEA " A a 
_ Also magnifi¢ation = -4 = ~ Gor iŞ + t a3 


= The negative sign of q shows that the image Is vista sar, 


positive sign of magnification shows that the image is a Pura 
= the image Ís erect, virtual and diminished. 


y ; a 
Exampie 10.5 Ra 


A diverging lens of focal length f = -16 held 8 cm from 
a rare stamp. Where is the image of this stamp located and what is 
the magnification of the lens? K 
EN 
Solution:- 1 
Given f -16cm 
p 8 cm 
q z 
Using lens equation 


ZA + 1 Y 
P Æ 
À EN 
es 
2 16 
wera cer © = 5.33cm 


s The -ve sign shows that the image is virtual, hence erect 
"and to the left of the lens. The magnification is 
x M= a =z =- 1539) . + 0.666 s 
e value of magnification indicates that i 
the magnification is less than 1, It 


wat A iai . J 
mis an optical Instrument whin, A 
th very high magnification. It Consists 
i n objective ( a lens placed before the obj 

noth f, and an eye-piece (a lens placed before 


Is 


Jon eal length fy The objective forms a real, tn ue 4 
ifed image of the object just placed beyond its fo. i f 
is used as a magnifying glass to see the imag y 7 
: objective. The final image seen by the eye throi 

pe is virtual and very much magnified. Fig) 10.1 8 pA past 
path of rays through the microscope. K Yon 
order to derive an expression for the magnifying power of M” 3 

pe, consider a small object OP placedvat the distance p 
d the focus of the objective lens L),whose real, inverted the mag 
nifed image IQ is formed at a distance q from the objec- r 


FIN Vid t A th isu Ti A rea e Dares 
l aa Palen Tepen when formed at A distan; t 
ce of dis- 


-a -2 and p = EQ 


Substituting the values of a snd ĝ in Eq: 10.19, we get 
ro’ 


s M= OP ; ` 
jo ro R 
Cer o 10.20 


The magnifying power of objective L, ís given by 


iQ _ 63 
M, a * a (7 A OPX, and AIQX, are’similar} 


The magnifying power of eye-piece is given by f 
M = 32 (~. AIQX2 and A I'Q' X2'are similar) 


The Eq. 10.20 can also be writtén as 
M = M, x M, 10.21 


As the eye-piece acts here as a magnifying glass, hence its 
magnifying power can.also’be written as 


d 
M, = — +1 
aA 


By substituting values of M, and M, in Eq: 10.21 we get 


mr 2 (44, 10.22 
SS p ( af; t ) 
As the object OP les just outside the focus of the objective L, 


CS PZS, 
mes: IQ is formed very close to the oye piece I 


* OM = Xx, 


mm focal length. What is the distance between)the tant it 
v fi if the object 1 | peats? 
hat Is the magnification object Is in N oan s obje 
10.5mm from the objective? ge. th 


Astro 


the objective p = 10.5mm, f, =10mm,.q=? Anas 
ies i.e. plan 
tive. Li of | 
length fy Fi 
cal telescopi 


In orc 
the astrono; 
verted and 

| focus, 


K 
eye piece f, = 25 mm, q = - 250 mm(- the final im- 
he least distance of distinct vision) | 


L 
25 


a 


Magnification by eye-piece = he en ny 
t T > s 


Total magnification = 20 x 11 = 220 


10.10 TELESCOPE S 


Telescopes are used to see distant objects. The Bd ot a dis- 


tant object formed by a telescope is smaller than actual object; 
because it is much nearer to the eye and hasa greater visual an- 
gle, the object looks larger when viewed throtigh the telescope. 


Astronomical Telescope 


An astronomical telescope is needed to see the heavenly bod- 
les i.e. planets and stars. It consists of two convex lenses an objec- 
tive. L, of long focal lengthy, and an eye piece L, of short focal 
length f,. Fig 10.19 shows the path of rays through an astronomi- 
cal telescope. 


In order todérive an expression for the magnifying power of 
the astronomical telescope consider a distant object whose real, in- 
verted and diminished image IQ is formed by the objective L, at its 
focus. ©» 


Lı 


ed image 10" ee 
at 


onomiical telescope forms an inverted, 
gnified image of a distant object as ho 
distance between objective and eye pi p 
telescope, which is given as ai 
9 


sowon: 


magnifyin; 
lying power of the telescope is given by ourfist step 
es Pr he objective V 


ce oO” 
S 10.25 


re «a and 
Bare aan angles subtended by the object 


“a triangle I QX,, we have 


(* 1s small) 


focal length of objective 
a focal length of eye piece 


From the above relation. it is clear that for high magmtica- 
` tion the focal length of the objective should be very large as com- 
pared to that of the eye piece =) 

~ 
OA 
Example 10.7 4 
An astronomical telescope has an objective lens whose power 
is 2 dioptres. This lens is placed 60 cm from the-eye piece. When 
the telescope is adjusted for minimum eye’strain. Calculate the 
angular magnification of the telescope. 


Solution:- 


Our first step is to determine the focal lengths of both lens- 
es. For the objective we are given a power in dioptres 


1 1 
t PONE E 
res) power (in dioptres) 2 po gi 


The sum òf the focal lengths f; + fz equals the separation of 


the two lenses, therefore 
oy 


SY; + f = 60 cm and f, = 60-f,= 60-50 = 10cm 


The magnifying power of this telescope is 


M TEA 50cm -m 2 D 
“fe “TOcm- 


Is is a low-power telescope that is used to examine a | 

z ar 
e sky. We would require a high-power telescope we bik 
dual bodies. such as moon and planets in closed deta, 


oe Galilean telescope is an optical instrument which is used to 

see the objects on earth. It was developed by Galileo. A Galilean 
” Telescope consists of a convex lens L, as an objective and a concay¢ 
lens L, as an eye piece. The virtual and erect image of distant object 
when seen through the eye piece L, is formed at the focus of the 
objective L,. 


Fig 10.20 


+ OX 2s 


The eye piece L, Is introduced be 
IQ lies very close to its focus. 


10.28 


tween L, and 1Q such that 


” OX, =f, 


10.29 


Thus erect, virtual and highly magnified 
y image I'Q' i - 
ed as shown in the Fig.10.20 The distance between A hee 


VECONICIVIUUCATDITUT OS > 


oo 


Bstan p 


Ifa and ĝ are visual angles subtended by the object andthe 
respectively, then magnifying power can be obtained aS eS 


Q` 10.30 


P~ 
A 


In the right angled AIQX,, we have é Y~ 
€ 


a=tang (.. the angle is small) RD 


<< 
a 


10.32 el 


nd 
"T 


ESTRIAL TELESCOPE 


en telescope is used for astronomical purpose. i 

E; heavenly bodies like moon and stars, their ing i a 
. But when terrestrial objects are to be viewed, jt ra se 

ry to have an erect final image. The erection can be a a 

lished by introducing a third lens between the objective ang a 

piece of telescope: The arrangement is shown schematically AS 
Fig. 10.21 


The function of erecting lens is clear from Fig. 10.21, It only 


Object _ 
Fig: 10.21 Terrestrial telescope ae: >I 
4 Eyering 
inverts IQ to 'Q’and does not change the magnifying power which 


is same as in the case of an astronomical telescope. 
10.13 SPECTROMETER 

It ts an instrument which is used to study the spectrum of 
luminous bodies. The essential parts of this instrument are {a) col- 
limator (b) ora and (c) turn table as shown in the Fig 10.22 


2nd order 
lst order 


Zero order 
ee 
— lst order, 


MVECOMVC/IVIVCATDITUT is i My 


tis a circi 
ais, Its height 15 
ofthree screws L, 


PWWayOULUDE.COMIC/IVIUUATDTTUT URCVUUUI y 
| (a) Colimator 
It consists of a metal tube provided with a convex lens at į 
one end and an adjustable slit S at its other end. The length of H 
tube is altered by a screw to be equal to the focal length of the con- 
vex lens so that the collimator produceg a parallel beam of light, 
The collimator is fixed to the base of the instrüment while tum ta- 
ble and telescope can rotate about a common axis. i 


Ck 

fb) Telescope as 

The telescope is simple astronomical telescope which is used 

for making measurements, or for examining the spectrum. The ad- | 

justment for focussing the telescope is made with the help of screw 
S,. The telescope can be rotated about an axis. 


(c) - Turn Table 


It is a circular metallic plate Which can rotated about’ an 
axis. Its height is also adjustable and this can be levelled by means 
of three screws L,M and N. 


There are arrangements for fine motion of the telescope and 
turn table. A vernier scale is provided to measure the angle with 
great accuracy, Le in: degrees and minutes. 


Before using, the collimator is adjusted for parallel rays and 
the telescope is focussed for parallel rays or for infinity. For this it 
is focussed on a distant object. 

c Uses 


a 


SD The spectrometer is an analysing instrument used primarily 
to discover and measure the wave lengths of a given light. When 
Ught from an incandescent solid, liquid or gas is examined by a ~ 
Spectrometer, an image of the slit is formed for each wave length 
emitted by the source. Such a spectrum is called an pa 
h trum. If all the visible wave lengths are present in the light n 
; 1s analysed, the images overlap and form a continuous spectrum. 

ee E EE 
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rr ay! 

ow oy 
„rce emits only a few definite wave lengths, the image P Mi pt? p 0 
t are separated from one another and appear as a sertes of ee a 1e D 
s, Such a spectrum is called a line spectrum. A third pet p cO™ 
C emission spectrum is called bandspectrum which shows ban hia e oo i 


i din. s! 

7, stead of lines. These bands are found to emit of closely spaced nd 5 
lines arranged in an orderly manner. The line spectrum of a m ereury e om 
` tis shown in Fig.10.23. th 
l eaii 3 3 it oft 
R atv! ' . 

è s 3 gaia ea abnor" 
£ 3 Ò N & ef con! 
> be] gjasse>* í 
E pa mage ° 

the abnor’ 
4,000 A° 5,000 A° 6,000 A° 7,000 A° fright 

wn in 
Fig: 10.23 Spectrum of mercury light ae be fi 
wn as | 

10.14 THE EYE kno 


corrected W 
The eye is very important optical system which has much 


common with the camera. Like:the camera the eye gathers light 
and produces a sharp image. 


Fig.10.25 shows the‘essential parts of the eye. The front of 
the eye is covered by a transparent membrane called the cornea. 
This is followed by a clear liquid region, a variable aperture (iris 
and pupil) and the crystalline lens. Most of the refraction occurs in 
the cornea, since the liquid medium Surrounding the lens has an 


average index of refraction close that of the lens. The iris is a mus- 
cular diaphragm that controls the size of the pupil. It regulates the 


Fo: 10 
2 
Lens Caliary muscle ported) / 


l ; the pupil in light of 
lens system on the back surface of the eye called bps Siw The 

retina contains nerve fibres which branch out into millions of sens 

ing structures called rods and cones. Optical image received by the 


retina 1s ‘transmitted to brain via the optic nerve. 

Although the eye Is one of the most remarkable creation tn 
nature, It often does not function perfectly. The eye may haye sev- 
eral abnormalities, which can some Umes be correctegY tye 
glasses, contact lenses, or surgery. When the relaxed eye produces 
an image of a distant objected behind the retina, as Fig 10.25 (a) 
the abnormality is known as myopia and the pefson Is said to be 
farsighted. This condition is corrected with a converging lens, as 
shown in Fig. 10.25 (b). When an image of a distant object is fo- 
cussed in front of the retina, as in Fig. 10:26.(a) the abnormality ts 
known as hyperopia or short sightedness. This condition can be 


corrected with a diverging lens as in Fig 10.26{a), (b). 


fa} ) 
(b) (b) 
; 10.25 (a) A ic eye (far : 10,26 fb). (a) A myopic eye (near 
Pig hyperop ae: 2 normal 


N 


s ss s sighted) is slightly longer than 
= ap allel and so the mage of a astant object 
focuses behind the retina. (b) forms tn front of the retina. b) The 
The condition can be corrected with corutition can be corrected a 
a converging lens, verging lens. 


QUESTIONS 


1. How can a real image be distinguished from a virtual image cA 
= Can each type of image be projected on screen? Exp : 


p3 


on, nature and size sf ; 
lens (b) concave lens, 


— does a converging lens act as aq. 
EA Soe lens of small focal length peri 
fyi g glass? yi X ` pe” 
‘the construction, working and magnifying power “se 


und microscope. 5 Ap” 
jeng 
How is the magnifying power of a (i) telescope AOA micro- yx! 
affected by increasing the focal oe objec- apar 
is the difference between PET, and terrestrial 6 Two 
scopes? and 
leng 

Explain the defects which occur in the lenses, and how they 
the construction and calculate the magnifying power 7. Mo 
ean telesco 19 
s use ofa spectrometer?Explain its construction and be 
re the 
( 
ar 
of the lens ts 25 cm, where will fr 
t will be the size of the image? ag 


Two converging lenses of focal lengths 40 cm and 50 
placed tn contact. What fs the focal length of this rie we 
nation?What Is the power of the combination in d 3 
(Ans.22.2 em,4.5 diopters) 
A converging lens of focal length 20 cm ts placed infront of a 
converging lens of focal length 4 cm. What ts the distance be- 
tween the lenses if parallel rays entering the first lens leave 
the second lens as parallel rays? x 
ness cm) 


A parallel light beam ts diverged by a concave tans of focal 
length- 12.5 cm and then made parallel once-more by a con- 
vex lens of focal length 50 cm. How far are the two lenses 
mpart. (Ans. 37.5 em) 


6. Two lenses. are In contact,a converging one of focal length 30 cm 
and a diverging one of focal length -10 cm. What Is the focal 
length and power of the combination? 


me 

| (Ans. 15 cm, -6.7 diopters) 

( magni z 7. Moon light passes through a converging lens of focal length 

19 cm, which is 20.5 cm from a second converging lens of fo- 

cal length 2 cm, Where is the Image of the moon produced by 
the lens combination? 


(Ans. 14.5 cm from the 1st lens, 6 cm from the second lens) 


8 Find the distance at which an object should be placed in- 
front of a convex lens of focal length 10 cm to obtain an im- 
ous age of double its size? 


8. 15 cm for producing a real image, 5 cm for producing virtual 
image). 


3. A compound microscope has a 12 mm focal length bas ijt: 
and a 75 mm focal length eye plece: and the two enn 
mounted 200 mm apart. If the final image is 225 mm 

the eye piece, what Is the magnification produced? 


OAQ A 
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(Ans, 15 


af } 
pe has an objective of 120 as length 

of 50 mm focal length. If the image seen by 5 
00 mmfrom the eye plece. what is nnou magnin- wv 


(An gy 
na We 


nd microscope has an objective with a focal length 
and a tube 100 mm long. An image is produced 
from the eye plece when the object is 12 mm from 
. What is the angular magnification? 


(Ans. 31) 


g lens of 4 dioptres i is Fombined with a diverging 
a Find the power and focal length of the 


& 


S 
Se dioptres; focal length of 
50 cm) 


